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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
inch (in.) 2.54 centimeter (cm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi2) 2.590 square kilometer (km?2)
Volume
gallon (gal) 3.785 liter (L)
million gallons (Mgal) 3,785 cubic meter (m3)
Flow rate
foot per day (ft/d) 0.3048 meter per day (m/d)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per day (gal/d) 0.003785 cubic meter per day (m3/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Hydraulic conductivity

foot per day (ft/d) 0.3048 meter per day (m/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as
°F=(1.8x°C) +32.

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as
°C=(°F-32)/1.8.

Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Mean sea level, as used in this report, refers to 0 feet relative to the vertical datum.

Altitude, as used in this report, refers to distance above the vertical datum.

Supplementary Information

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L).
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MSL mean sea level
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SVD singular-value decompaosition
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Simulation of Groundwater Flow in the Regional Aquifer
System on Long Island, New York, for Pumping and
Recharge Conditions in 2005-15

By Donald A. Walter, John P. Masterson, Jason S. Finkelstein, Jack Monti, Jr., Paul E. Misut, and

Michael N. Fienen

Abstract

A three-dimensional groundwater-flow model was
developed for the aquifer system of Long Island, New York, to
evaluate (1) responses of the hydrologic system to changes in
natural and anthropogenic hydraulic stresses, (2) the subsur-
face distribution of groundwater age, and (3) the regional-
scale distribution of groundwater travel times and the source
of water to fresh surface waters and coastal receiving waters.
The model also provides the groundwater flow components
used to define model boundaries for possible inset models
used for local-scale analyses.

The three-dimensional, groundwater flow model
developed for this investigation uses the numerical code
MODFLOW-NWT to represent steady-state conditions
for average groundwater pumping and aquifer recharge for
2005-15. The particle-tracking algorithm MODPATH, which
simulates advective transport in the aquifer, was used to esti-
mate groundwater age, delineate the areas at the water table
that contribute recharge to coastal and freshwater bodies, and
estimate total travel times of water from the water table to
discharge locations.

A three-dimensional, 1-meter (3.3-foot) topobathymetric
model was used to determine land-surface altitudes for the
island and seabed altitudes for the surrounding coastal waters.
The mapped extents and surface altitudes of major geologic
units were compiled and used to develop a three-dimensional
hydrogeologic framework of the aquifer system, including
aquifers and confining units. Lithologic data from deep bore-
holes and previous aquifer-test results were used to estimate
the three-dimensional distribution of hydraulic conductiv-
ity in principal aquifers. Natural recharge from precipitation
was estimated for 2005—15 using a modified Thornthwaite-
Mather methodology as implemented in a soil-water balance
model. Components of anthropogenic recharge—wastewater
return flow, storm water inflow, and inflow from leaky
infrastructure—also were estimated for 2005—15. Groundwater
withdrawals for various sources, including public water sup-
ply, industrial, remediation, and agricultural, were compiled or
estimated for the same period.

These data were incorporated into the model develop-
ment to represent the aquifer system geometry, boundaries,
and initial hydraulic properties of the regional aquifers and
confining units within the Long Island aquifer system. Average
hydraulic conditions—water levels and streamflows—
for 2005—15 were estimated using existing data from the
U.S. Geological Survey National Water Information System
database. Model inputs were adjusted to best match average
hydrologic conditions using inverse methods as implemented
in the parameter-estimating software PEST. The calibrated
model was used to simulate average hydrologic conditions in
the aquifer system for 2005-15.

About 656 cubic feet per second of water was withdrawn
on average annually for 2005—15 for water supply and an
average of about 349 cubic feet per second of water recharged
the aquifer annually from return flow and leaky infrastruc-
ture. Parts of New York City have drawdowns exceeding
25 feet, mostly because of urbanization and associated large
decreases in recharge rates. Large areas in the western part of
the island have drawdowns exceeding 10 feet, mostly from
large groundwater withdrawals and sewering, which largely
eliminates wastewater return flow. Water-table altitudes in
eastern parts of the island increased by more than 2 feet in
some areas as a result of wastewater return flow in unsewered
areas and changes in land use. Changes in streamflows show a
similar pattern as water-table altitudes. Streamflows generally
decrease in western parts of the island where there are large
drawdowns and increase in eastern parts of the island where
water-table altitudes increase.

Introduction

Long Island, in southeastern New York, extends east-
ward from Manhattan and Staten Islands and is bordered by
bays and narrows to the east and west, the Atlantic Ocean to
the south, and Long Island Sound to the north (fig. 1). The
island is about 120 miles (mi) long, 25 mi wide at its widest
point, and about 1,400 square miles (mi2) in total area. The
island is densely populated and had an estimated population of
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about 7.9 million people in 2017 (U.S. Census Bureau, 2018).
Most—about 5 million people—reside in Queens and Kings
Counties, which are part of the New York City metropolitan
area. The remaining population resides to the east, in Nassau
and Suffolk Counties. Land use generally changes from

west to east from urbanized to rural, with densely urbanized
landscapes in New York City and areas of undeveloped and
agricultural land in eastern Suffolk County.

Unconsolidated sediments underlying the island comprise
a sole-source aquifer that supplies water to about 2.9 mil-
lion people in Nassau and Suffolk Counties; the aquifer also
contributes groundwater discharge to freshwater and marine
ecosystems that are important recreational and economic
resources. Anthropogenic activities have affected both the
quantity and quality of groundwater, owing to the island’s
large population and the generally unconfined conditions
prevalent across the aquifer system. For instance, ground-
water withdrawals, particularly in the western part of the
island, have resulted in large declines in water-table altitude
and in the landward movement of the freshwater/saltwater
interface, encroaching on local water supplies (Terraciano,
1996). Additionally, subsurface contamination emanating
from numerous point sources, associated with industrial sites
in developed areas in western Long Island, adversely affects
downgradient water supplies (Misut and others, 2020).

Nutrients emanating from nonpoint sources associated
with residential development and agricultural activities also
have degraded water quality in shallow parts of the aquifer.
Nitrogen entrained in groundwater discharge has caused eutro-
phication and degradation of aquatic ecosystems in coastal
waters across the island, resulting in marine-habitat degrada-
tion, harmful algal blooms, and the loss of shell fisheries.

In 2016, the U.S. Geological Survey (USGS) began
development of a regional-scale numerical model of the Long
Island aquifer system, as part of the National Water Quality
Program to assess the vulnerability of the area’s water supply
to contamination from anthropogenic and natural compounds.
The regional model of Long Island is a synthesis of a diverse
set of data on the physiography, geology, and hydrology of the
island and represents the first public domain regional model of
the island since the late 1980s (Buxton and Smolensky, 1999).

The model represents steady-state (average) condi-
tions for 200515 and is suitable for simulation, at a regional
scale, of current hydrologic conditions, including water levels
and groundwater discharge to receiving waters. The model
also can be used to estimate regional-scale groundwater
travel times to wells and ecological receptors and subsurface
groundwater ages. The model is most suitable for analyses at
the regional scale but can be used to produce boundary condi-
tions as input into inset models more suitable for local-scale
analyses.

Introduction 3

Purpose and Scope

This report documents the development and calibration
of a numerical model of the Long Island aquifer system and
the use of that model to simulate hydrologic conditions for
2005—15. The report discusses the compilation and analysis
of climatic, physiographic, geologic, hydrologic, and water-
use data used to develop the numerical model. The use of
a l-meter (m; 3.3-foot [ft]) topobathymetric digital eleva-
tion model to estimate land-surface and seabed altitudes at
the modeled scale is presented, and the incorporation of the
data into representations of regional fresh and saline surface-
water features are documented. The extents of surface alti-
tudes of mapped hydrogeologic units from various sources
are documented, and the methods used to develop a three-
dimensional hydrogeologic framework are discussed. The
three-dimensional distribution of water-transmitting proper-
ties, as represented in a grid-independent texture model, and
the methods used to incorporate that data into the model are
presented.

The use of a soil-water balance (SWB) model
(Westenbroek and others, 2010) to estimate average recharge
for 2005—15 from daily climate and spatial data—Iland-use,
soil type, and soil-water capacity—is documented. The
methods and assumptions used to estimate additional, anthro-
pogenic components of recharge, including wastewater-return
flow, recharge from urban runoff, and inflow from leaky infra-
structure also are discussed. Groundwater withdrawals are pre-
sented for 2005—15 for various uses, including public supply,
industrial, and remedial activities. The report also documents
the hydrologic conditions in the aquifer, as indicated by obser-
vations of water levels in wells and streamflows, for 2005—15.

The model design is described in detail, including hori-
zontal and vertical model discretization, the location and types
of simulated hydrologic boundaries, the distribution of simu-
lated recharge and the location of simulated wells. The initial
values of hydraulic parameters—boundary leakances and
horizontal and vertical hydraulic conductivity—are presented
and the assumptions underlying them are discussed. The use
of inverse-calibration methods to adjust these initial values to
best match water levels and streamflows for 2005—15 also is
discussed along with the parameterization of the model, the
inverse techniques and assumptions used, and the fit between
hydrologic observations and their simulated equivalents.

The report presents simulated hydrologic conditions of
the Long Island aquifer system for 2005-15, as simulated by
the calibrated model, and for hydrologic conditions approxi-
mating natural unstressed (predevelopment) conditions. A
summary of the hydrologic budget, including both inflows and
outflows, is discussed. Current (average) water-table alti-
tudes and streamflows are presented as well as a summary of
travel times—defined as the elapsed time of the movement of
water from the water table to wells and ecological receptors.
Limitations associated with the use of a numerical model to
represent the aquifer system are discussed, including general
limitations in the application of the numerical model and limi-
tations specific to the regional model of Long Island.
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Hydrogeologic Setting

Land-surface altitudes in Long Island range from more
than 300 feet (ft) above mean sea level (MSL) relative to the
North American Vertical Datum of 1988 (NAVD 88) in some
areas underlain by glacial moraine to essentially sea level
at the coast. The hummocky terrain associated with glacial
moraines is bounded to the south by gently sloping outwash
plains (fig. 2). The Long Island aquifer system comprises
unconsolidated sediments that are underlain by relatively
impermeable crystalline bedrock. The altitude of the bedrock
surface ranges from about 2,000 ft below MSL (NAVD 88)
beneath Fire Island, a barrier island along the south-central
part of the island, to near sea level along the East River in
northwestern Queens County, where there are small areas of
bedrock outcrops (fig. 3). The overlying sediments of Late
Cretaceous age (prior to about 66 million years before pres-
ent) are part of the Northern Atlantic Coastal Plain regional
aquifer system (Masterson and others, 2016) and are, in turn,
generally overlain by Pleistocene glacial sediments deposited
largely during the Wisconsin glaciation, when periods of ice
advance and retreat formed morainal ridges that trend east-
west along the spine of Long Island and associated outwash
plains, generally to the south (Cadwell and Muller, 1986;
Fuller, 1914). Pleistocene clays underlie the Wisconsin glacial
sediments and overlie Cretaceous sediments along the north-
ern and southern shores of the island.

Long Island is bifurcated at the eastern end where two
morainal ridges diverge to form the North and South Forks.
The glacial moraines are bounded to the south by glacial
outwash deposits and, generally, to the north by ice-contact
deposits. The Pleistocene—glacial and preglacial—sediments
and the underlying Cretaceous units compose a series of
aquifers and confining units that are as thick as 2,000 ft on
the southeastern-dipping bedrock surface. The Cretaceous
sediments are absent in some areas near the northern shore of
the island (fig. 3); Wisconsin glacial sediments in these areas
are either underlain by bedrock or by older (pre-Wisconsin)
Pleistocene glacial sediments.

The seven major hydrogeologic units (fig. 4; table 1;
Smolensky and others, 1989), in descending order, are
the upper glacial aquifer (upper Pleistocene deposits), the
Gardiners Clay (Gardiners Clay), the Jameco aquifer (Jameco
Gravel), Monmouth greensand (Monmouth Group), the
Magothy aquifer (Magothy Formation and Matawan Group,
undifferentiated), the Raritan confining unit (clay member of
the Raritan Formation), and the Lloyd aquifer (Lloyd Sand
Member of the Raritan Formation). In addition to these major
units, other Pleistocene units—the North Shore aquifer and
North Shore confining unit—underlie Wisconsin glacial
sediments in some areas where Cretaceous units are absent
(Stumm, 2001), and local confining units occur within the
upper glacial aquifer (Doriski and Wilde-Katz, 1982; Krulikas
and Koszalka, 1982; Schubert and others, 2004).

Recharge from precipitation is the sole source of natural
water to the aquifer system. Long Island received an aver-
age of about 48 inches per year (in/yr) from 1900 to 2015;

on average about half (23 in/yr) recharges the aquifer at the
water table. Groundwater flows away from regional ground-
water divides towards discharge in streams, coastal waters,
and wells; some deep groundwater discharges upward through
confining units into salty groundwater, referred to as subsea
discharge (fig. 4). Water-table altitudes exceed 60 ft in two
areas, to the east and west of major surface-water drainages
in the central part of the island (fig. 1). Water-table altitudes
are also high locally in parts of New York City, on necks and
peninsulas in northern Nassau County, and on the North and
South Forks in eastern Suffolk County.

The major aquifers are extensive, unconsolidated forma-
tions that yield large quantities of water to wells. The most
permeable units within this multilayered aquifer system con-
sist predominantly of either sand or sand and gravel. The two
extensive clayey formations (the Gardiners Clay and Raritan
confining units) have been estimated to have a vertical hydrau-
lic conductivity several orders of magnitude lower than that of
the aquifers and strongly influence groundwater flow between
the adjacent aquifers (Franke and Cohen, 1972). Where pres-
ent, the two formations separate the groundwater flow system
into three major aquifer units: the Lloyd, the Jameco-Magothy,
and the upper glacial aquifers (fig. 4). The Gardiners Clay
restricts vertical flow between the upper glacial aquifer and the
Jameco and Magothy aquifers, predominately along the south-
ern shore of the island; the Raritan confining unit restricts
vertical flow between the Jameco and Magothy aquifers and
the Lloyd aquifer in most areas of the island. The crystalline
bedrock underlying the unconsolidated deposits is much less
permeable than the overlying deposits, and the bedrock sur-
face is considered the lower extent of the aquifer system.

This multilayered aquifer system is known for abun-
dant water resources and the groundwater-fed surface waters
that harbor unique ecosystems. Surface runoff is negligible
and most precipitation recharges the aquifer at the water
table. Precipitation-derived groundwater is essentially the
sole source of drinking water for the residents of Nassau and
Suffolk Counties and is the primary source of freshwater
discharge to the numerous kettle-hole ponds, streams, and wet-
lands throughout the region (fig. 1). Groundwater discharge
also helps to maintain the biological diversity and productivity
of estuaries and salt marshes. Rapid population growth, how-
ever, has resulted in increased competition among agricultural,
commercial, ecological, and residential demands for water
resources. As land development and water demand increase
and as wastewater continues to be returned to these coastal
aquifer systems through onsite, domestic septic systems and
decentralized wastewater treatment facilities, water resources
managers are becoming concerned about possible long-term
effects of these activities on the water resources of the region.
Possible effects include the (1) depletion of streamflow and the
drying of headwaters, (2) lowering of surface-water levels in
ponds and wetlands, (3) decrease in freshwater flow to coastal
waters, (4) increase in the risk for saltwater intrusion, and
(5) degradation of water quality owing to upland disposal of
wastewater.
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Gardiners Clay

\ Jameco aquifer

Figure 4. Three dimensional schematic diagram showing the major hydrogeologic units, generalized groundwater flow directions
(arrows), and general position of the freshwater/saltwater interface on Long Island, New York.
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Table 1. Stratigraphy of major hydrogeologic units in the Long Island aquifer system, New York.

[Modified from Smolensky and others (1989, sheet 1)]

Age Hydrogeologic unit Description
Pleistocene Upper glacial aquifer Ice-contact Clay, silt, sand, gravel, and boulders associated with ice-
marginal deposition. Includes crudely to well-sorted and
stratified glaciofluvial deposits.
Moraine Clay, silt, sand, gravel, and boulders. Associated with terminal

Smithtown clay and 20-foot clay

Outwash

North Fork clay

North Shore confining unit

North Shore aquifer [unconformity]
Gardiners Clay [unconformity]

Tertiary Jameco aquifer

Late Cretaceous Monmouth greensand [unconformity]

Magothy aquifer

Raritan confining unit [unconformity]|

Lloyd aquifer

Precambrian Bedrock

moraines. Deposits are commonly unsorted and unstratified.

Local units of lacustrine or marine clay and silt. Lacustrine
deposits consist of brown clay and silt and occur in inland
areas. Marine deposits consist of gray-green clay and silt at
shallow depths in shoreline areas.

Stratified fine- to coarse-grained sand and gravel associated
with glaciofluvial deposition. Deposits are well sorted. Silt
lenses occur in some areas.

Marine and lacustrine deposits. Clay and silt deposits with
minor lenses containing shells. The clay is olive brown and
olive gray and poorly permeable.

Marine and proglacial lake deposits. Clay and silt deposits
with minor lenses containing shells. The clay is olive brown
and olive gray and poorly permeable.

Sand, silt, and gravel; brown and olive gray, poor to moderate
sorting. Moderately permeable.

Marine deposits of clay and silt with some interbedded sand
and gravel, greenish gray in color.

Stratified fine- to coarse-grained sand and gravel associated
with fluvial deposition. Deposits are well sorted. Silt lenses
occur in some areas.

Interbedded marine deposits of clay, silt, and sand, dark-
greenish-gray. Contains glauconite and lignite. Geologic
equivalent: Monmouth Group.

Deposits consist of gray to white, fine- to coarse-grained sand
with interstitial clay, silt, and lignite interbedded with lenses
of thin to thick beds of clayey and silty sand and laminae
and thin beds of lignite and pyrite. The basal part of the
unit is generally composed of coarse-grained sand and
gravel with interstitial clay and silt. Deposited in deltaic
environments, including fluvial and overbank marsh deposi-
tion. Geologic equivalent: Matawan Group and Magothy
Formation.

Clay, silty clay, and clayey and silty fine-grained sand. Beds of
lignite, lenses of pyrite, and sand are common and thin beds
of gravel occur locally. Geologic equivalent: unnamed clay
member of the Raritan Formation.

Deposits of fine- to coarse-grained sand and gravel with inter-
calated beds and lenses of clay, silt, clayey and silty sand
and lignite and pyrite. Geologic equivalent: Lloyd Sand
member and Raritan Formation.

Gneiss and schist. Surface of bedrock commonly highly
weathered to a greenish-white residual clay.




Data Compilation and Analysis

A variety of data were compiled and analyzed for synthe-
sis into the regional model of the Long Island aquifer system.
These datasets include (1) topographic and bathymetric alti-
tudes, (2) the spatial extent, surface altitudes, and thicknesses
of mapped hydrogeologic units, (3) estimates of horizontal and
vertical hydraulic conductivity, (4) estimates of recharge from
spatial and climate data, and (5) water use and the distribution
of associated wastewater return flow. Water level and stream
flow data for 200515 were used to estimate average hydro-
logic conditions for the period.

Physiography

The surface-water hydrography and geometry of the coast
were determined from geographic information system (GIS)
linework digitized from USGS 1:24,000-scale topographic
quadrangles (U.S. Geological Survey, 2020). The mainland of
the island encompasses the area to the west of the North and
South Forks. The forks are separated by the Peconic estuary
system. Most surface drainages are along the southern shore of
the island, and many of those streams have artificial impound-
ments. The largest surface drainages—the Connetquot,
Nissequogue, and Peconic Rivers—are in the central and
eastern parts of the island. There are few natural ponds on
the island.

The altitudes of land surface and the seabed were
derived from a 1-m (3.3-ft) topobathymetric digital elevation
model of the coastal regions of Massachusetts, Rhode Island,
Connecticut, and New York (Danielson and Haines, 2017).
The dataset is a collaboration between the U.S. Geological
Survey and the National Oceanic and Atmospheric
Administration and combines data from 321 sources to create
a seamless, internally consistent representation of land and
seabed altitudes at a spatial resolution of 1 m (3.3 ft). These
data were upscaled and mapped to the regional model grid;
model cells have a horizontal discretization of 500 ft, and
there are about 23,100 individual measurements within each
model cell. The mean and minimum values of these measure-
ments were computed for each model cell to a distance 3 mi
seaward of the coast (fig. 2). Mean land-surface altitudes range
from sea level to more than 370 ft above sea level and exceed
200 ft above sea level in the north-central part of the island,
in isolated areas in the eastern part of the mainland, and on
the South Fork. Land-surface altitudes are highest in areas
underlain by glacial moraines that have an east-west trend in
the northern part of the Long Island mainland and extend onto
the North and South Forks. The topography to the south of the
moraines generally is gently sloping to the southern shore of
the island. Topography along the northern shore of the island
generally is steep, particularly in areas where moraines are
adjacent to the shore. Mean seabed altitudes range from sea
level to more than 350 ft below sea level. The lowest seabed
altitudes (deepest water) are in offshore areas of Long Island
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Sound, along the North Fork. The highest seabed altitudes
(shallowest water) generally are in estuaries and bays along
the southern shore of the island.

The highest water-table altitudes in 2010 exceeded 70 ft
in two areas on the mainland of the island (fig. 1; Monti and
others, 2013). Unsaturated (or vadose) zone thickness, defined
as the difference between land surface and the water table,
had a mean thickness of about 47 ft, and was as thick as 300 ft
in some areas underlain by moraines. The thickness of the
unsaturated zone for about 110 mi2 of the island, or about
8 percent, was 10 ft or less. These areas generally are along
streams and in coastal areas, particularly along the southern
shore of the island (fig. 3).

Hydrogeology

The data compilation and analysis associated with the
hydrogeology of the Long Island aquifer system includes the
hydrogeologic framework, hydraulic properties, and lithologic
texture model of unconsolidated sediments. This hydro-
geologic information was used to assign model layers and
hydraulic properties in the groundwater flow model developed
for this investigation.

Hydrogeologic Framework

A three-dimensional hydrogeologic framework of the
major hydrogeologic units underlying Long Island (table 1)
was developed from published extents, surface altitudes, and
thicknesses of each unit. The thickness of the aquifer system
ranges from essentially zero in parts of northwest Queens
County to nearly 2,000 ft in south-central Suffolk County.
Surficial geology was used to determine the extent of late-
Wisconsin glacial units, including moraines, outwash, and ice
contact deposits (fig. 54; Cadwell and Muller, 1986; Cadwell,
1989). Glacial moraines generally are in a narrow east-west-
trending band on the northern part of the mainland of the
island and extend onto the North and South Forks. Glacial
outwash extends southward from the moraines; ice contact
deposits extend northward, particularly in the northwestern
part of the island (fig. 54).

Extensive clays within the generally sandy Wisconsinan
glacial units include the 20-foot clay and Smithtown clay
units. The 20-foot clay unit occurs within glacial outwash
along the southern shore between 20 and 40 ft below sea level,
primarily in Nassau County (fig. 54; Doriski and Wilde-Katz,
1982). The Smithtown clay unit in north-central Suffolk
County is areally extensive and ranges in thickness between
50 and 100 ft; the surface altitude of the unit is between
75 ft above seas level to 50 ft below sea level (Krulikas and
Koszalka, 1982). These clays likely are glaciolacustrine
in origin.

The surficial Wisconsinan glacial sediments are underlain
by older Pleistocene deposits along parts of the northern and
southern shores of the island, including confining units along
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A. Intraglacial (Wisconsinan) confining units and surfical geology

74°W 73°W 72°W

I CONNECTICUT

{

\

NEW X
= YORK -
<
é ~ d
7
& < Long Istand Sout
N S \
~ < d N |
41°Nf— ~ i
NEW
JERSEY
0
OCEAN
JTLANTIC
o EXPLANATION
/40,-—-73 Surficial geology ‘ .
v _50 Outwash Ice contact Glacial moraine
h 40 -30 -40 Extent of intraglacial clay Surface altitude in feet above MSL—Datum is
40°30N |— 0 5 10MILES NAVD 88 B
|_'_|_|_l —— Smithtown clay — Smithtown clay—Contour interval if 25 ft
| 0 5 10KILOMETERS | —— 20-foot clay —— 20-foot clay—Contour interva: if 10 ft

Base map from U.S. Geological Survey National Atlas digital data, scale 1:1,000,000
New York [Long Island] State Plane projection
North American Datum of 1988

B. Pleist (pre-Wi inan) confining units
74°W 73°W 72°W
I CO]\LNECTICUT )
t
\
NEW X
=  YORK .
4%, P2
S // d SOund
; < L()ng ISlan
N @ \
~ ~ N \ pu—
41°N — ~N '
NEW
JERSEY
EXPLANATION

Extent of confining unit
— North Fork clay
—— Gardiners clay
— North Shore confining unit
Surface altitude in feet above MSL—Datum
is NAVD 88
— North Fork clay—Contour interval
is 20 feet
—— Gardiners clay—Contour interval
is 50 feet
—— North Shore confining unit—Contour
interval is 20 feet

10 MILES

40°30'N —

| 0 5 T10KILOMETERS

Base map from U.S. Geological Survey National Atlas digital data, scale 1:1,000,000
New York [Long Island] State Plane projection
North American Datum of 1988
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the northern shore and on the North Fork and surrounding
areas. Glacial sediments along parts of the northern shore of
Nassau County are underlain by the North Shore confining
unit (Stumm, 2001). The unit generally occurs beneath penin-
sulas and estuaries where Cretaceous deposits are absent and
has a surface altitude of between sea level and 100 ft below
sea level. The unit is underlain by the North Shore aquifer in
some areas (fig. 5B); elsewhere the North Shore confining unit
is underlain by bedrock. The North Shore aquifer is a discon-
tinuous unit that occurs in isolated areas beneath peninsulas
and estuaries and is underlain by bedrock. This aquifer has a
surface altitude between 100 and 500 ft below sea level and
generally is contiguous with the Lloyd aquifer. The North Fork
clay is an extensive clay unit that underlies most of the North
Fork and parts of the South Fork and is as thick as 400 ft

in some areas. The surface of the unit generally is between

50 and 150 ft below sea level (Schubert and others, 2004).
This unit represents a lower preglacial confining unit.

Wisconsinan glacial sediments are underlain by the
Gardiners Clay along most of the southern shore of the island
(fig. 5B). The Gardiners clay occurs primarily along the south-
ern shore and extends well inland beneath New York City; the
presence of the clay unit in inland areas likely decreases the
overall transmissivity of the aquifer system. The Gardiners
clay generally is absent in the easternmost parts of the island.
The clay is underlain by the Jameco aquifer, generally in
Kings and Queens County and in Nassau County and by the
Monmouth greensand in parts of Suffolk County (fig. 6A4).

The geometry of the four Cretaceous hydrogeologic
units—the Lloyd aquifer, the Raritan confining unit, the
Magothy aquifer, and the Monmouth greensand—were deter-
mined from previously reported extents and surface altitudes
(Smolensky and others, 1989; Schubert and others, 2004).
The lower Pleistocene Gardiners clay has a surface altitude of
between 100 and 200 ft below sea level (fig 5B8; Buxton and
Smolensky, 1999). The extents and surface altitudes of the
Magothy aquifer (fig. 64), the Raritan confining unit (fig. 65),
and the Lloyd aquifer (fig. 6C) were modified along their
northern extents using additional borehole and geophysical
data, primarily in northern Nassau and northwestern Suffolk
Counties (Stumm, 2001) and in the North Fork and surround-
ing areas (Schubert and others, 2004). The surface altitude of
the Raritan confining unit and Lloyd aquifer (fig. 68 and C)
also were modified in central Nassau County using borehole
and geophysical data collected in 2017 as part of remedial
investigations near Bethpage, New York.

The mapped extents and surface altitudes were used to
develop a three-dimensional hydrogeologic framework. The
spatial data were used to develop raster images representing
each unit that were combined into a full three-dimensional
volume representing the aquifer system (fig. 7). A total of
14 hydrogeologic units are represented in the framework. Six
Wisconsinan (glacial) units are represented: moraine, out-
wash, ice contact, the Smithtown clay, the 20-foot clay, and
the North Fork clay. Three Pleistocene preglacial units—the
North Shore aquifer, North Shore confining unit, and North
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Fork clay—also are represented in the framework. Additional
preglacial Pleistocene units include the Jameco aquifer and
the Gardiners clay. Four Cretaceous units are included in

the framework: the Monmouth greensand, Magothy aquifer,
Raritan clay, and the Lloyd aquifer. The Wisconsinan glacial
sediments, preglacial Pleistocene deposits, and Cretaceous
units compose a hydrogeologic system that overlies the
southeast-dipping bedrock surface and generally becomes
thicker to the south and east. The aquifer system beneath
New York City (fig. 74) on the westernmost part of the island
ranges in thickness from zero to about 1,200 ft and has an
average thickness of about 510 ft.

Freshwater/Saltwater Interface

The position of the freshwater/saltwater interface is a
function of natural hydrologic conditions and pumping stresses
and represents the subsurface extent of the freshwater aquifer
system. Where the aquifer system is unconfined, the altitude of
the freshwater/saltwater interface is determined by the hydrau-
lic head in the aquifer and differences between the density of
fresh groundwater and that of salty groundwater. The extent of
freshwater in these areas is determined by the altitudes of the
interface and the seabed. The freshwater/saltwater interface
in Cretaceous units is displaced offshore in areas where those
aquifers are confined. The seaward extent of freshwater in the
Cretaceous aquifers—as estimated from borehole and surface
geophysical data (Stumm and others, 2020)—is thought to be
offshore in most areas of Nassau and Suffolk Counties, but
the interface between fresh and salty groundwater has moved
inland beneath parts of King and Queens Counties due largely
to historically large groundwater withdrawals in New York
City (Terraciano, 1996).

The upper glacial aquifer and most of the Magothy
aquifer generally are unconfined; the altitude of the interface
in these areas was estimated from water-table altitude as
measured in April to May 2010 (Monti and others, 2013) and
assuming a ratio of fresh-to-salty groundwater of 40:1 (the
Ghyben-Herzberg ratio). The estimated altitude of the inter-
face in unconfined areas ranges from about 5 ft below MSL to
more than 900 ft below MSL, where the interface is at the top
of the Raritan confining unit (fig. 84). The extent of freshwater
in unconfined parts of the aquifer is a function of the altitudes
of the interface and the seabed and generally is close to shore.
The Magothy aquifer is confined along the southern shore by
the Gardiners clay; the interface under confined conditions is
displaced seaward, and freshwater likely extends to or near the
top of the Raritan confining unit in these areas.

The location of the regional freshwater/saltwater inter-
face within Cretaceous and Tertiary sediments of the Northern
Atlantic Coastal Plain, which includes Long Island at its
northern extent, was mapped using published historical chlo-
ride data as part of a study of the system in 2016 (Charles,
2016; Masterson and others, 2016). The seaward extent of
fresh groundwater in the Magothy aquifer, as defined by the
10,000-milligram per liter (mg/L) isochlor, was mapped to be
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A. Magothy aquifer and associated units
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Figure 6. Maps showing extents and surface altitudes of major preglacial hydrogeologic units on Long Island, New York:
A, Magothy aquifer and associated units, B, Raritan confining unit, and C, Lloyd and North Shore aquifers, and D, surface
altitude of the bedrock surface. ft, foot; MSL, mean sea level; NAVD 88, North American Vertical Datum of 1988.
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C. Lloyd and North Shore aquifers

74°W 73°W 72°W
I CONNECTICUT
{
NEW \X =300
YORK _400
:%; P pa RN :3011/ /
% g ot 500
3 - -~ 4 Sound 500 ;_5M/
7 J =
N 2 \ Long Istar
o
~ 3
~ pu—
41°N — ~N
NEW
JERSEY
EXPLANATION
Surface altitude, in feet MSL—
Datum is NAVD 88
—— North Shore aquifer—Contour
interval is 50 ft
—— Lloyd aquifer—Contour interval
if 100 ft 1
40°30'N — 0 5 10 MILES Extent
"t .=-- North Shore aquifer
0 5 10KILOMETERS Lloyd aquifer .
Base map from U.S. Geological Survey National Atlas digital data, scale 1:1,000,000
North American Datum of 1988
D. Bedrock surface
74°W 73°W 72°W
COI\LNECTICUT
=
4@’

/
/

/ 4241y 2708

41°N | —
NEW
JERSEY

5 10 MILES EXPLANATION
40°30'N — OCEAN —— Surface altitude of bedrock, in feet MSL—Contour
ATLANTIC 0 5 10KILOMETERS interval if 100 feet. Datum is NAVD 88

Base map from U.S. Geological Survey National Atlas digital data, scale 1:1,000,000

New York [Long Island] State Plane projection
North American Datum of 1988

Figure 6. —Continued



14 Long Island Aquifer System Groundwater Flow Simulation for Pumping and Recharge in 2005-15

A. Column 320
NORTH SOUTH

400

200

Great South

0 Bay - ATLANTIC

OCEAN

200
-400
-600
-800

~1,000 —

1,200 — -

EXPLANATION
Hydrogeologic unit

Glacial outwash I North Shore confining unit
Glacial moraine [ Raritan confining unit
Glacial ice contact I North Shore aquifer
20-foot clay Lloyd aquifer

Gardiners Clay [] Salty groundwater
Monmouth greensand —— Hydrogeologic unit contact
Magothy aquifer

Elevation, in feet NAVD 88

-1,400 —

-1,600 —

-1,800 —

-2,000 —

-2,200

5 10 MILES
I

o—To

T T
B. Column 580 5 10 KILOMETERS
NORTH SOUTH

300
100

0
-100
-300
-500
-700
-900
-1,100

-1,300

Elevation, in feet NAVD 88

-1,500

-1,700 EXPLANATION

Hydrogeologic unit
-1,900 4 0 Glacial outwash [l Monmouth greensand
I Glacial moraine [ Magothy aquifer
_2100 | L Glacialice contact [ Raritan confining unit
' Bl Smithtown clay Lloyd aquifer
I Gardiners Clay ——Hydrogeologic unit contact
~2,300 0 5 10 MILES
I 1 J
I T T
0 5 10 KILOMETERS

Figure 7. Sections showing hydrogeologic units along A-C, north-south (downdip) and D, east-west
sections.



15

Data Compilation and Analysis

psnunuo)— L w‘_-_m_“_
Jayinbe pAopy Jajinbe odawep I Aeja1004-0z [
SHILINOTIN 0§ [*74 0 19€3u09 Jiun a1bejoabospAy ——  1un Buiuyuod uepey I Ae|y siauipieg B eurelowjeioeg I
| | | Jajempunoub Ajes _H_ J1ajinbe Ayjobepy [ ] Aeja 3104 yuon Ysemino [eiaejg I
[ I | yun ai6ojoaboipAy
ST 0 7 0 NOILLYNY1dX3 009'L-

Avg
211022 ]
1D2.10)

~002'L-

— 008-

S
5
88 OAVN 1884 Ul ‘uonens|q

~ \ﬂBm e -0
IIUD[,
— 00
1Sv3
G0z moy a
mmm_E_zo.__v_ﬂ m H_u 1oe3U09 Jun a1fiojoaboipAy —— 00z
I | Jerempunoib Ayes [ ]
STIN G 0 Jajinbe phory - 0081~
un Buluyuod ueyey [
Jayinbe Ayjobepy [
- Ae2 3104 yHoN - 008'L-
10BJU0D 99 [B19B|9
aulelouw |eloe|g I
N ysemuno feroelg [ — 00L'L~ m
Jun a16ojoaboipAy @
NOILYNY1dX3 =
= —006- S
=
@
- — 00~ @
—
=
~
- o0s- S
(=]
©
- — 00€-
— Ang — 00L-
B 211020 l N
uvas) o 0
_| onuvpy - 001
- — 00€
HLNOS HLHON

0L6 uwnjoy 9
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A. Upper glacial, Jameco, and Magothy aquifers
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Figure 8. Maps showing A, the estimated altitude of the freshwater/saltwater interface in unconfined parts of the Magothy aquifer and
the extent of salty groundwater in the confined parts of the aquifer and B, the estimated altitude of the freshwater/saltwater interface in
the Lloyd and North Shore aquifers on Long Island, New York (modified from Charles (2016) and Stumm and others (2020). ft, foot; MSL,
mean sea level; NAVD 88, North American Vertical Datum of 1988.



close to but seaward of the southern shore of the island

(fig. 84; Charles, 2016). Borehole and surface geophysical
data from 2015 to 2017 indicate that salty groundwater—
delineated by the 5,000-mg/L isochlor, extends inland in parts
of Kings, Queens, and Nassau Counties (Como and others,
2020; Stumm and others, 2020), likely in response to large
historical groundwater withdrawals. The landward extent of
salty groundwater in the Magothy aquifer in this area varies
with depth and differs between shallow, intermediate, and deep
parts of the aquifer.

The seaward extent of fresh groundwater in the Lloyd
aquifer, as delineated by the 10,000-mg/L isochlor (Charles,
2016), extends further east and further seaward along the
southern shore than that in the overlying Magothy aquifer
(fig. 8B). Freshwater in the Lloyd aquifer may underly western
parts of the North and South Forks. Recent [2015-17] data
suggest that salty groundwater extends further inland in the
southwestern parts of the island and that salty groundwa-
ter underlies Jamaica Bay and the southern shore of central
Queens County (fig. 8B; Stumm and others, 2020).

Hydraulic Properties

Limited data exist on the hydraulic properties of the aqui-
fers and confining units within the Long Island aquifer system,
and these data are relatively sparse for the apparent hetero-
geneity of the hydrogeologic units. The spatial distribution
of measurements is focused primarily around major pumping
centers. Consequently, field measurements of hydraulic prop-
erties are more readily available in areas of large groundwater
use and for those particular aquifer units with the most use
(McClymonds and Franke, 1972; Franke and Getzen, 1976;
Lindner and Reilly, 1983; Prince and Schneider, 1989; Stumm,
2001; Stumm and others, 2002, 2004). Estimates of hydraulic
properties made in numerical model investigations include
Buxton and Smolensky (1999), Kontis (1999), Misut and
Monti (1999), Misut and others (2004), Schubert and others
(2004), and Monti and others (2009).

Buxton and Smolensky (1999) provided a summary of
the previous investigations of the hydraulic properties of the
aquifer system. That synthesis of previous work represents the
most comprehensive summary to date of the existing informa-
tion on hydraulic properties of the major hydrogeologic units
of the Long Island aquifer system.

The upper glacial aquifer has a range of horizontal
hydraulic conductivity from 20 to 270 feet per day (ft/d).
Hydraulic conductivity in glacial sediments differs for
outwash, moraine, and ice-contact deposits. Values for the
outwash deposits south of the moraines generally range from
200 to 270 ft/d; hydraulic conductivity within the moraine
deposits is less than 135 ft/d. The average hydraulic conduc-
tivity of the upper glacial aquifer is less than 25 ft/d where the
Smithtown clay is present. The anisotropy (ratio of horizon-
tal over vertical hydraulic conductivity) of the upper glacial
aquifer is estimated to be 10:1; but local values could be as
low as 3:1.
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Horizontal hydraulic conductivity of the Jameco aquifer
ranges from 200 ft/d to 300 ft/d, and its anisotropy is estimated
to be about 10:1; the aquifer generally has the highest hydrau-
lic conductivity of any aquifer on Long Island. The hydraulic
conductivity of the Magothy aquifer varies with depth; values
for the upper part range from 35 ft/d to 90 ft/d; values for
the coarser basal zone were estimated to be about 50 percent
higher. Hydraulic conductivity of the Lloyd aquifer ranges
from 30 ft/d to 80 ft/d and generally is greatest in Nassau
County. The anisotropy of these aquifers is estimated to be
100:1 because of their highly stratified character.

Although data on hydraulic conductivity of the confin-
ing units are scant, the high clay and silt content indicates
values several orders of magnitude lower than in the aqui-
fers. Franke and Cohen (1972) estimated the average vertical
hydraulic conductivity of the confining units to be 0.001 ft/d;
Reilly and others (1983) estimated a value of 0.0029 ft/d for
the Gardiners clay. A vertical hydraulic conductivity value
of 0.001 ft/d was used for major pre-Wisconsinan confining
units—Gardiners clay—including, the Raritan confining unit,
and the North Shore confining unit. A value of 0.01 ft/d was
assumed for Pleistocene clay units, including the Smithtown
clay, the 20-foot clay, and the North Fork clay.

Lithologic Texture Model

The water-transmitting properties of the upper glacial
and Magothy aquifers were estimated using borehole litho-
logic and geophysical log data from a set of 1,769 boreholes,
representing the deepest borehole within each cell of a regular
1-mi2 grid of the Long Island aquifer system (Finkelstein and
Walter, 2020; Walter and Finkelstein, 2020). Standardized
lithologic codes from the USGS Ground-Water Site Inventory
(GWSI) System (U.S. Geological Survey, 2004) were
assigned to each depth interval in each borehole. In total,
36,369 lithologic descriptions were included in the analysis.
The descriptions were described by 45 GWSI codes that were
subsequently aggregated into 14 sediment codes: 7 codes for
sediments of the upper glacial aquifer sediments and 7 codes
for the sediments of the Magothy and Jameco aquifers and
Monmouth greensand (Walter and Finkelstein, 2020). Each
code was assigned corresponding horizontal and vertical
hydraulic conductivities derived from published field tests in
the Long Island aquifer system (McClymonds and Franke,
1972; Franke and Getzen, 1976; Lindner and Reilly, 1983;
Smolensky and others, 1989) and similar hydrogeologic envi-
ronments on the coastal plain of Massachusetts (Guswa and
Londquist, 1976; Guswa and LeBlanc, 1985; LeBlanc and oth-
ers, 1986; Barlow, 1989; Barlow and Hess, 1993; Masterson
and Barlow, 1997; Moench and others, 1996; Walter and oth-
ers, 1996; Masterson and others, 1998).

The compiled data were used to create quasi-three-
dimensional textural models of the upper glacial and Magothy
aquifers—the principal aquifers of the Long Island aquifer
system. The Lloyd aquifer was not explicitly included in
the texture model owing to a paucity of data for the unit.
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The hydraulic conductivities assigned to each depth interval
were used to estimate thickness-weighted mean hydraulic
conductivities in regular 10-ft intervals over the depth of each
borehole; horizontal and vertical hydraulic conductivity values
were computed using arithmetic and geometric means, respec-
tively. These were combined to develop a database of X, Y,
and Z coordinates and associated estimates of horizontal and
vertical hydraulic conductivities; this database was sequen-
tially queried to extract the X and Y coordinates of boreholes
that extend to or beyond each layer in the textural model,

and these point values then were used to develop an interpo-
lated field of horizontal and vertical hydraulic conductivities
for each altitude range by use of ordinary, spherical kriging
(Walter and Finkelstein, 2020).

The result of this process is a two-dimensional data raster
of horizontal and vertical hydraulic conductivity (fig. 9) for
each 10-ft interval for the vertical thickness of each aquifer.
These individual data raster images, when aggregated, cre-
ated a quasi-three-dimensional array of values. Two sets of
quasi-three-dimensional models were produced: a set of grids
each with a thickness of 10 ft and uniform altitude between
land surface and the top of the Magothy aquifer (representing
the upper glacial aquifer) and a set of grids between the top
of the Magothy aquifer and the top of the underlying Raritan
confining unit representing the Magothy aquifer. Each of the
grids representing the Magothy aquifer has a thickness of 10 ft
and a variable altitude based on the altitude of the underly-
ing surface of the Raritan confining unit, such that each grid
is a given multiple of 10 ft added to that surface (Walter and
Finkelstein, 2020). These two models, when combined, fully
define the distribution of estimated hydraulic conductivity for
the upper glacial and Magothy aquifers (figs. 9 and 10).

The spatial distribution of hydraulic conductivity, as
represented in the texture model, generally is consistent with
the regional geology of the aquifer system. Glacial sediments
show a distribution of estimated hydraulic conductivity that is
consistent with their depositional history and mapped surficial
geology. Estimated hydraulic conductivity generally is highest
in the shallow parts of the upper glacial aquifer, in association
with coarse-grained outwash (figs. 94 and 104). Estimated
hydraulic conductivity of glacial sediments at an altitude of
5 ft below MSL generally is lower in inland areas of eastern
Nassau and western Suffolk County where these sediments
underlie hummocky terrain, suggesting an association with
glacial moraines (fig. 2); this association also is consistent
with the mapped surficial geology (Cadwell and Muller, 1986;
Cadwell, 1989). Areas of low estimated hydraulic conductiv-
ity in the north-central part of Long Island also may represent
glaciolacustrine sediments, which were deposited in progla-
cial lakes between moraines. Extensive clays, likely glacio-
lacustrine in origin, have been mapped in north-central and
northeastern Suffolk County (Krulikas and Koszalka, 1982;
Schubert and others, 2004). Estimated hydraulic conductivities
to the south, within outwash sediments, generally are substan-
tially higher than those of inland areas (fig. 94). Estimated
hydraulic conductivity for morainal and glaciolacustrine

sediments generally are lower than in outwash sediments
owing to a finer grain size and more sorting. The vertical
distribution of horizontal hydraulic conductivity also generally
reflects geologic trends in and the depositional history of the
glacial aquifer sediments (fig. 10). Glacial sediments gener-
ally become finer with depth, with lower values of hydraulic
conductivity in interior parts of the island, in association with
morainal and glaciolacustrine sediments. Hydraulic conduc-
tivity generally is higher in the shallow parts of the glacial
aquifer in association with coarse-grained outwash sediment.

The Cretaceous sediments are deltaic in origin and were
deposited in a variety of depositional environments. Hydraulic
conductivity values in the Magothy aquifer generally show a
large degree of spatial heterogeneity (fig. 98). Deposition of
coarse-grained, sandy sediments occur in fluvial environments
within stream channels and fine-grained sediments generally
were deposited in overbank-marsh environments. The variety
of depositional environments resulted in the highly heterog-
enous hydraulic conductivity patterns.

The Magothy aquifer also shows a distribution of
estimated hydraulic conductivity that is consistent with its
depositional history (figs. 98 and 10B8). The Magothy sedi-
ments were deposited in sedimentary environments dominated
by streams and coalescing deltas (Smolensky and others,
1989). Hydraulic conductivity values generally are highest in
the basal part of the Magothy aquifer where the presence of
coarse-grained sediments indicate deposition in high-energy
fluvial environments, such as stream channels. Hydraulic con-
ductivity generally is lower in the middle part of the aquifer
where presence of finer-grained sediments suggests deposition
in low-energy environments, such as overbank marsh deposits.

Natural and Artificial Recharge

Long Island has a temperate climate typified by warm,
often humid summers and cold winters; the temperate climate
is moderated by the proximity to ocean waters, compared with
interior parts of the northeastern United States. Precipitation
on Long Island is the sole natural source of water to the aqui-
fer system and varies annually (fig. 11); average precipitation
from 1900 to 2015 was about 48 in/yr. About half of the pre-
cipitation recharges the aquifer system at the water table; the
remainder is lost to evapotranspiration and, to a lesser extent,
surface runoff. Aquifer recharge is a function of climatologi-
cal conditions (precipitation and temperature) and landscape
characteristics (vegetation, soil properties, and land use);
variations in these factors affect the rates and distribution of
recharge. Total recharge to the aquifer includes recharge from
precipitation and from anthropogenic sources, such as waste-
water return flow and leakage from water infrastructure.

An SWB model (Westenbroek and others, 2010) was
used to estimate annual recharge on Long Island from 2005
to 2015. The SWB model accounts for processes that occur
as water moves through unsaturated soils and sediments to
the water table and is based on a modified version of the
Thornthwaite-Mather approach (Thornthwaite and Mather,
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Figure 11. Graph showing average annual precipitation and estimated recharge from 1900 to 2015 on Long Island, New York.

1957). The method incorporates land slope, soil proper-

ties, and climatic data, and it produces a spatially distributed
recharge grid. The computer code uses commonly available
GIS data layers in combination with tabular climatological
data to produce gridded recharge data that can be imported
into the groundwater model.

The application of the SWB model to Long Island is
described by Misut and others (2020). Average precipitation
for 2005—15 differed from the average for 1900-2015 by
about 3.7 in/yr (or 6 percent) and differed from the average for
1980-2015 by about 0.4 in/yr (or less than 1 percent; fig. 11).
Average estimated recharge, which is a function of land use
and soil characteristics as well as precipitation, for 2005-15
differed by about 0.5 in/yr (or about 2 percent) from the aver-
age for 1980-2015. This indicated that the simulated 200515
recharge period generally is representative of long-term aver-
age recharge conditions. Recharge exhibited substantial spatial
variations owing to its dependence on land use, soil type, and
available water capacity (fig. 124). Recharge from precipita-
tion, as estimated using the SWB model, ranged from less
than 1 to 35.1 in/yr and had an island-wide average of about
19.9 in/yr.

The distribution of recharge rates differs considerably
under the assumption of no impervious surfaces and land use
representative of predevelopment conditions. Predevelopment
recharge, as estimated from the SWB model, ranged from less
than 1 to 31.5 in/yr and averaged about 19.3 in/yr. Impervious
surfaces can intercept precipitation in developed areas,

resulting in lower recharge rates, whereas conversion of unde-
veloped to low-density residential land-use areas can result in
higher recharge rates because of low rates of evapotranspira-
tion for low-density residential land use as compared with
those in forested land (Yang and others, 2015). The difference
in recharge arising from changes from undeveloped land use
to land use in 2005 to 2015 averaged about 0.1 in/yr, ranging
from a gain of about 7.8 in/yr to a deficit of about 10.6 in/yr,
suggesting that land use can substantially affect recharge rates
locally (fig. 12B). The largest deficits from impervious sur-
faces occur in urbanized areas of New York City and southern
Nassau County; however, much of the recharge potentially
lost to impervious surfaces in Nassau County can recharge the
aquifer through sumps, storm drains, and a network of more
than 6,000 recharge basins.

About 85 percent of water pumped for water supply is
returned to the aquifer as wastewater return flow in unsew-
ered areas; the remainder is assumed to be consumptive
loss. Wastewater return flow was estimated using population
density derived from the 2010 census (U.S. Census Bureau,
2018). The distribution of wastewater return flow reflects
patterns of development and associated water use, which is
largest in urbanized areas on western Long Island (fig. 134).
The distribution of wastewater return flow to the water table
was lowered in areas served by public sewering, where it was
assumed that about 10 percent of wastewater recharged the
aquifer. Most wastewater enters the aquifer as septic-system
return flow in unsewered areas in western Suffolk County;
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A. Population and sewered areas

Long Island Aquifer System Groundwater Flow Simulation for Pumping and Recharge in 2005-15
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some wastewater also can enter the aquifer from leaky sewer
lines in sewered areas, primarily in New York City and
Nassau County.

An additional source of artificial recharge to the aquifer
system is leakage from public-supply infrastructure. Most of
Long Island is served by public supply; private water sup-
plies do exist but are limited to small areas of eastern Suffolk
County and the northern shore of Nassau County (fig. 13B).
The distribution of public-supply lines was estimated from the
length of roads in developed areas. The potential for recharge
from leaky infrastructure (as indicated by road length) gener-
ally reflects patterns of population and development and is
largest in New York City and parts of Nassau County. In
Kings and Queens Counties, about 700 million gallons per
day (Mgal/d) of water is imported from a reservoir system
in upstate New York, and assuming a 10 percent loss of
water from the water distribution system, may result in about
70 Mgal/d of additional recharge to the water table on western
Long Island (Misut and Monti, 1999).

Water Use

Groundwater use has varied temporally and spatially
across Long Island since 1900. Prior to 1950, nearly all
groundwater pumping occurred in Kings and Queens Counties
where it was the primary source of drinking water for the
residents in these counties (fig. 14). By 1950, overpumping in
these counties had resulted in a large drawdown of the water
table and widespread saltwater intrusion throughout the aqui-
fer system in western Long Island, necessitating the importa-
tion of water from the upstate reservoir system (Buxton and
Shernoff, 1999). Water use generally increased between the
late 1940s (when water supplies from surface-water reservoirs
began to be implemented) to the early-1990s, after which
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water use generally leveled off (fig. 14). Average groundwa-
ter withdrawals during the calibration and analysis period
[2005—15] were within 4 percent of the average withdrawals
since the early 1990s.

From 2005 to 2015, about 424 Mgal/d of groundwater
was withdrawn annually from the Long Island aquifer system
for multiple uses, including public supply, agricultural, and
industrial purposes (fig. 154). The groundwater withdrawn
for public supply accounted for nearly all (95 percent) of
groundwater withdrawals on Long Island. The public supply
of drinking water for 2005—15 was withdrawn from a total of
1,680 pumping wells in Nassau and Suffolk Counties (fig. 16;
U.S. Geological Survey, 2018; New York State Department
of Environmental Conservation, 2020). Contaminant reme-
diation, agricultural, and industrial uses each accounted for
about 2 percent of groundwater withdrawals, respectively; the
percentages do not add up because of individual rounding.

About 74 percent of groundwater withdrawals come from
the Magothy and Jameco aquifers; about 23 and 3 percent
of pumped groundwater is from the upper glacial and Lloyd
aquifers, respectively (fig. 155). Agricultural withdrawals for
crop irrigation generally are limited to eastern Suffolk County
on or near the North and South Forks (fig. 16). Specific well
locations and withdrawal rates for irrigation wells are poorly
understood. The total amount of potential agricultural pump-
ing was estimated using the SWB model by estimating water
demand by crop type and available recharge from precipita-
tion. This deficit was assumed to represent the amount of
pumped groundwater required for irrigation. The estimated
deficit was about 2 Mgal/d, or less than 0.5 percent of total
groundwater withdrawals from other sources, supporting the
decision to not explicitly represent individual agricultural
pumping wells in the regional-scale model of the Long Island
aquifer system.
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Figure 14. Graph showing total annual groundwater withdrawals on Long Island, New York, by county, for 1900-2015. Mgal/d, million
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Figure 15. Graph showing total annual groundwater withdrawals
A, by type of water use and B, by aquifer for conditions for 2005-15
on Long Island, New York. Mgal/d, million gallons per day; %,
percent.

Hydrologic Data

Groundwater levels and streamflows have been mea-
sured throughout Long Island, with some measurements
dating back to the early 1900s (U.S. Geological Survey,
2018). A total of 24,964 water-level and 65,471 streamflow
measurements were obtained from the USGS National Water
Information System (NWIS) database (U.S. Geological
Survey, 2018) from 290 observation wells and 67 streamflow
sites (fig. 17). These data were examined to identify wells
and streamflow sites with sufficient data to suitably represent
average hydrologic conditions for 2005—15. Data differed
among the sites, with different periods of record and total
number of individual observations.

The shallow Cretaceous and glacial aquifers generally
are unconfined, and hydrologic conditions—water levels and
streamflows—change in response to time-varying hydrologic
stresses (pumping and recharge). Time-varying changes in
water levels are greatest near regional groundwater divides
inland of the coast. Water levels in well S5517, which is near
a groundwater divide, were measured monthly from 1948
to 2015 and ranged from 32.3 ft in 1967 to 46.5 ft in 2010,
mainly in response to changes in recharge (fig. 18). Daily
mean streamflow in the Peconic River varied substantially
from 1942 to 2015, also mainly in response to changes in
recharge from a low of about 8 cubic feet per second (ft3/s)
in 1965 to a high of 81 t3/s in 2005. Although there is large
variability in observed long-term water levels and streamflow
measurements over time, the calibration of the numerical
model described in this report is based on steady-state condi-
tions and, therefore, requires observations that generally
represent long-term average hydrologic conditions. The cali-
bration period selected for this analysis is 2005-15, which
generally represents a period of near-average hydrologic con-
ditions, as indicated by time-varying recharge (fig. 11) and
by water levels and streamflows (fig. 18). The average water
level in well S5517 for the calibration period [2005-15]
was within 0.65 ft of the long-term average for the period
of record (1948-2015). Average streamflow in the Peconic
River for 2005-15 differed from the mean for the period of
record (1942-2015) by about 1.8 ft3/s, or about 4.6 percent.
The data confirm that the 2005—15 calibration period reason-
ably represents long-term average hydrologic conditions.

Most (205) observation wells are screened in the upper
glacial aquifer. A total of 52 and 33 wells are screened within
the Magothy and Lloyd aquifers, respectively. Water-level
sites included wells measured monthly as part of USGS mon-
itoring networks (200 wells) and partial-record wells where
measurements are made sporadically (91 wells). Streamflow
sites include real-time or continuous-record sites (17 sites), at
which measurements are made regularly, and partial-record
sites (50 sites), at which measurements are made sporadically
(fig. 17). Mean and median values were computed for each
water-level and streamflow site. These values were assumed
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Figure 18. Graph showing water levels in well S5517 and streamflow in the Peconic River (from U.S. Geological Survey streamgage
01304500; U.S. Geological Survey, 2018) from 1900 to 2015 on Long Island, New York. NAVD 88, North American Vertical Datum of 1988.

to represent steady-state conditions for 2005—15 for use in
calibration of the numerical model, which requires observa-
tions that generally represent long-term average hydrologic
conditions. The number of measurements for each water-level
and streamflow site and the type of site—continuous-record or
partial-record—were used as criteria for inclusion of mean or
median water levels and streamflows in the model calibration.

Development and Calibration of the
Numerical Model

Numerical models provide a means to synthesize exist-
ing hydrogeologic information into an internally consistent
mathematical representation of a real system or process and,
thus, are useful tools for testing and improving conceptual
models or hypotheses of groundwater flow systems (Konikow
and Reilly, 1998). A numerical model calibrated to reasonably
match observed hydrologic conditions can be used to predict
how a hydrologic system will respond to future changes in
hydraulic stresses.

A three-dimensional finite-difference groundwater flow
model of the Long Island aquifer system was developed using
the USGS finite-difference modeling program MODFLOW-—
NWT (Niswonger and others, 2011), a modified version of

MODFLOW-2005 (Harbaugh, 2005) used to solve the three-
dimensional groundwater flow equation using the Newton
method. The USGS particle-tracking program MODPATH ver-
sion 6 (Pollock, 2012) was used in conjunction with simulated
cell-by-cell heads and flows calculated by MODFLOW-NWT
to simulate advective transport in the aquifer, delineate the
areas at the water table that contribute water to coastal and
freshwater bodies and public-supply wells, and estimate total
travel times of water from the water table to discharge loca-
tions. Parameters—including recharge, boundary leakances,
and hydraulic conductivity—for the model were estimated
by matching modeled and measured groundwater levels and
streamflows using the inverse-modeling parameter estima-
tion (PEST) software suite (Doherty and Hunt, 2010), based
on averaged values of observation data from 2005 to 2015. A
detailed description of the model parameter estimation process
is presented in the “Model Calibration” section of this report.
The model archive for the numerical model (Walter and
others, 2020) developed for this investigation contains the
input and output files and the executable file needed to run
the model. The archive also contains georeferenced files that
can be used to display the finite-difference model grid as well
as the hydrologic data—water levels and streamflow sites—
used in calibration of the three-dimensional groundwater
flow model.
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Model Discretization

The finite-difference model grid consists of a grid of
square model cells in which user-specified hydraulic param-
eters, model stresses, and boundary conditions are varied
spatially. The conceptualization of how and where water
enters, moves through, and leaves the aquifer system is criti-
cal to the development of an accurate flow model (Reilly,
2001). Boundary conditions are applied at some model cells
to simulate hydrologic features, including wells, streams, and
coastal waters. A detailed discussion of grid discretization,
boundary conditions, and the use of finite-difference equations
to simulate groundwater flow is presented in McDonald and
Harbaugh (1988).

Spatial Discretization

The lateral extent of the shallow part of the active
onshore modeled area of the Long Island aquifer system
(fig. 19) is about 1,400 mi2. The finite-difference grid for the
numerical model consists of 348 rows and 1,309 columns of
uniformly spaced model cells that are 500 ft on each side. The
aquifer system was subdivided vertically from land surface to
bedrock into 25 layers of variable thickness (fig. 20) to allow
for the detail necessary to represent both vertical changes in
the lithology and the screen zone thickness of the large-scale
pumping wells throughout the Long Island aquifer system.

Each of the regional aquifers and confining units gener-
ally is represented as a separate layer in the model. Additional
layers were added within the upper glacial and Magothy aqui-
fers to provide a better representation of pumping well screen
zones and to minimize the effects of weak sinks, which result
in the overrepresentation of the capture zones to pumping
wells as described in Pollock (2012). Where a hydrogeologic
unit does not extend across a given layer, a zone with a mini-
mum thickness of 1 ft was created, and the hydraulic proper-
ties of the overlying unit were applied in order to make the
layer continuous across the entire model domain—a require-
ment of the finite-difference solution.

The hydrogeologic unit altitudes and extents that were
used to represent the tops and bottoms of each layer were
derived from a regional synthesis of the altitudes and extents
of the surface layer of the hydrogeologic units developed by
Smolensky and others (1989). Minor, local-scale revisions to
the top surface of the Raritan clay were made near Bethpage
using borehole data collected by the U.S. Department of the
Navy as part of remedial investigations (Misut and others,
2020; Walter and Finkelstein, 2020). Additional information
from subsequent geologic investigations along the northwest-
ern shore of the island (Stumm, 2001) and on the North Fork
(Schubert and others, 2004) also were used to develop model
layering that better represents the hydrogeologic framework.

The upper glacial aquifer generally is represented by
three model layers (fig. 20) and is simulated as unconfined.
The top of the model (layer 1), which represents the shallow
part of the upper glacial aquifer, is land surface derived from

light detection and ranging (lidar) data in onshore areas and
the seabed derived from bathymetry in offshore areas (fig. 4).
The top of layer 2, which explicitly represents previously
mapped intraglacial clays (where present) is derived from the
surface altitudes of those units (figs. 5 and 7B). The top of the
underlying layer, representing deep parts of the upper glacial
aquifer (fig. 20), is derived from the estimated bottom of the
mapped intraglacial clays. Cells in layer 1 with thicknesses
of less than 1 ft seaward by the freshwater/saltwater inter-
face were specified to be inactive to remove laterally isolated
offshore cells.

The top of layer 4, which explicitly represents the
Gardiners clay, where present, is based on the mapped surface
altitude of that unit (figs. 5B and 74 and B). Glacial sediments
also are represented in deep layers of the model in areas where
Cretaceous sediments are absent along the northern shore of
the island and in deep erosional channels within the uppermost
Cretaceous units. The top of layer 5 is the mapped surface
altitude of the Jameco aquifer and, elsewhere, the contiguous
Cretaceous aquifers—the Monmouth greensand and Magothy
aquifer (figs. 64 and 74 and B). The bottom of layer 23 is the
modified surface of the Raritan clay (fig. 6B3). The bottoms of
layer 5 and the intervening layers (6 through 22) were calcu-
lated as equal divisions of those two surfaces such that the
Jameco aquifer and contiguous Cretaceous aquifers and the
Jameco aquifer are represented by 19 model layers of equal
thickness (fig. 20). The mapped extents and thicknesses of the
Monmouth greensand and the Jameco aquifer were used to dif-
ferentiate those units within the corresponding model layers.
The Cretaceous sediments are separated from the overlying
glacial sediments by an unconformity, and numerous erosional
channels are incised into the surface of the Cretaceous sedi-
ments. Glacial sediments are represented within these channels
and where the Cretaceous aquifers are absent. Shallow parts of
the Pleistocene North Shore confining unit along the northern
shore of Nassau County are contiguous with the Magothy
aquifer and are represented in the corresponding model layers
where the unit is present.

Layer 24 of the model explicitly represents the Raritan
confining unit. The bottom of the layer is the mapped surface
altitude of the underlying Lloyd aquifer (fig. 6C). Layer 25
represents the Lloyd aquifer. The bottom of the layer is the
mapped surface altitude of the underlying crystalline bed-
rock (fig. 3). Layers 24 and 25 (fig. 20) represent Pleistocene
sediments where both the Raritan confining units and Lloyd
aquifers are absent (figs. 68 and C and 74 and B). The layer
represents the deepest overlying unit present at a given loca-
tion where one or both of the units are absent. The aquifer
sediments become thin and are absent in a limited area along
the northeastern shore of Queens County, where outcrops of
bedrock occur. The model layers are thin but remain active in
these areas to minimize potential model instability (fig. 20).
This assumes that the shallow part of the bedrock is part of the
unconsolidated aquifer system and the corresponding layers
are simulated as having a very low transmissivity in this area.
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active area and locations of subsea discharge boundaries in B, the Magothy aquifer and C, the Lloyd aquifer on Long Island,
New York. DRN, Drain package of the U.S. Geological Survey finite-difference modeling program MODFLOW (McDonald and
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C. Lloyd aquifer
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Figure 19. —Continued

Temporal Discretization

Hydrologic stresses—groundwater withdrawals and
aquifer recharge—were simulated for current, average condi-
tions for 2005—15. Pumping stresses in the Long Island aquifer
system have varied considerably in time and space since the
beginning of large-scale pumping in 1900. However, total
withdrawal amounts have leveled off since the mid-1980s and,
thus, the 2005—15 period appears to be representative of long-
term average pumping for the past 30 years (fig. 14). A com-
parison of the average aquifer recharge for 2005—15 with the
long-term average for 1900-2015 also indicated that 2005—15
is representative of long-term average conditions (fig. 18).

Hydrologic Boundaries

The hydrologic boundaries in the groundwater flow
model are defined as the areas from which and the method by
which all the waters entering and leaving the numerical model
are specified. The Long Island aquifer system is bounded
below by bedrock and laterally by the interface between fresh
and saline groundwater (the freshwater/saltwater interface).
The upper boundary of the active modeled area is the water
table, which is a free-surface boundary that receives spatially
variable recharge. The Recharge (RCH) package of the USGS
three-dimensional finite-difference groundwater model

MODFLOW (McDonald and Harbaugh, 1988) was used
to spatially model how recharge is distributed across the
water table.

Surface-water features are represented as head-dependent
flux boundaries (fig. 194). Coastal waterbodies, including
tidal rivers, estuaries, and open coastal waters, are represented
using the General Head Boundary (GHB) package for
MODFLOW (McDonald and Harbaugh, 1988); salt marshes
and fresh surface waters, which include streams, wetlands
connected to streams, and pond outlets, are represented
(fig. 194) using the Drain (DRN) package for MODFLOW
(McDonald and Harbaugh, 1988). Coastal boundaries were
determined using the coastal geometry as determined from
1:24,000-scale digitized linework. The boundaries were
modified by visual inspection of aerial photographs to address
anomalies and ensure consistency between simulated bound-
aries and actual conditions. Seabed altitudes in saltwater
boundaries were specified freshwater-equivalent heads relative
to the mean seabed altitudes within each model cell repre-
senting a boundary, as determined from bathymetric data
(Danielson and Haines, 2017). The height of the saltwater
column used to estimate freshwater-equivalent heads was the
difference between the estimated seabed altitude and 0 ft MSL
(NAVD 88). Streams and wetland boundaries were determined
by 1:24,000-scale hydrography followed by visual inspection
of aerial photographs. Boundary altitudes in streams were
specified to be the minimum lidar value within each 500-ft
boundary cell that represents a stream; boundary altitudes in
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freshwater wetlands and salt marshes were specified to be

the mean lidar value in cells representing those features.
Freshwater and saltwater discharge boundaries were assigned
to the top layer of the model (layer 1); the top of layer 1 was
specified to be the seabed and streambed altitudes in these
locations. Unlike the GHB package, the DRN package does
not allow streams influenced by pumping to serve as an infi-
nite source of water to the underlying aquifer; instead, streams
represented with the DRN package can only receive ground-
water discharge; once the water level in the aquifer falls below
the specified streambed altitude in the DRN cells, groundwater
no longer discharges to the surface waters.

The lateral boundaries in layers 4 through 25 are defined
by the inferred position of the freshwater/saltwater inter-
face. Taken together, these layers represent pre-Wisconsin
sediments, except where Cretaceous and pre-Wisconsin
Pleistocene sediments are absent, and the layers represent
glacial sediments. The seaward extents of fresh groundwater
(fig. 8) are represented as no-flow boundaries generally based
on isochlor delineations estimated for each hydrogeologic unit
in the Long Island aquifer system (Charles, 2016; Stumm and
others, 2020).

The modeled extent of freshwater in the Magothy aquifer
was determined using mapped isochlors, the estimated alti-
tude of the freshwater/saltwater interface, and such ancillary
information as the location of water-supply wells in the unit.
The extent of freshwater within the Magothy aquifer generally
is based on mapped 10,000-mg/L isochlors (fig. 84; Charles,
2016) and 5,000 mg/L isochlors (fig. 84; Stumm and others,
2020). The active modeled areas within those model layers
representing the Magothy aquifer varies with depth. The lat-
eral extent of the Magothy aquifer in areas where it is uncon-
fined is determined by the altitude of the freshwater/saltwater
interface as computed from the 2010 water table (Monti and
others, 2013). Model cells in which the computed interface
altitude is above the top of the model cell are specified to be
inactive, and therefore, the seaward extent of the active mod-
eled area decreases monotonically with depth (fig. 19B).

The eastern extent of freshwater as initially estimated
from mapped 5,000-mg/L isochlors was extended by including
areas where the mapped isochlors suggested salty groundwater
but where the computed interface altitude is below the top of
the Raritan Formation. The eastern extent of freshwater also
was extended by including areas developed for water supply
that were mapped as salty (fig. 84). The modeled extent of the
Magothy aquifer along the southern shore of central and east-
ern Long Island, where it is confined by the Gardiners clay,
is defined by a 10,000-mg/L isochlor (Charles, 2016) and is
assumed to be vertical and coincident across all the model lay-
ers representing the unit. The modeled extent of the Magothy
aquifer in southern Kings and Queens Counties is determined
by separate isochlors for the shallow, middle, and deep parts of
the Magothy aquifer (Stumm and others, 2020). The seaward
extent of freshwater in areas where the Magothy aquifer is
unconfined is determined by the altitude of the interface as
computed from water-table altitudes (fig. 84) and the altitude
of the seabed.
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The active modeled area of the Lloyd aquifer (fig. 19C)
generally is based on mapped 5,000- and 10,000-mg/L iso-
chlors (fig. 8B; Charles, 2016; Stumm and others, 2020). The
Lloyd aquifer is represented as a single model layer, so the
interface is vertical. The Lloyd aquifer is confined through-
out its extent and freshwater generally is assumed to extend
further offshore than in the overlying Magothy aquifer (figs. 3
and 198 and C).

The freshwater/saltwater interface is assumed to be
displaced seaward under confined conditions, as in parts of the
Magothy aquifer, along the southern shore, and in the underly-
ing Lloyd aquifer. The overlying confining units are assumed
to be freshwater but are, in turn, overlain by salty groundwater
seaward of the shore in most areas. Discharge from confined
aquifers where they are overlain by salty groundwater is
referred to as subsea discharge. Areas of subsea discharge
in the Magothy aquifer generally are limited to the southern
shore where the unit is confined by the Gardiners clay and
that confining unit in turn is overlain by salty groundwater in
the upper glacial aquifer (fig. 19B8). The freshwater/saltwater
interface in the Lloyd aquifer is displaced further seaward in
most areas and the extent of subsea discharge is broader than
in the overlying Magothy aquifer, particularly on eastern Long
Island (fig. 19C). Discharge from confined aquifers is at the
seabed where all the overlying units have fresh groundwater.

The GHB package was used as a means for allowing
freshwater to discharge at depth through subsea discharge.
This head-dependent flux boundary condition was applied to
the top of the underlying aquifers where there is seaward dis-
placement of freshwater beneath the Gardiners clay confining
unit (model layer 5) and beneath the Raritan and North Shore
confining units (layer 25; fig. 19). The boundary altitudes
specified in these areas were the freshwater equivalent heads
as estimated from the top of the overlying confining unit. The
overlying confining units are specified to be inactive in these
areas and, therefore, are represented implicitly by the subsea
discharge boundaries.

In highly urbanized areas of New York City, groundwater
potentially infiltrates into leaky or failing infrastructure (Misut
and Monti, 1999). Groundwater is most likely to be inter-
cepted by infrastructure in areas with a shallow depth to water
and a densely urbanized land use. This process was accounted
for in the model by using the DRN package to implicitly rep-
resent these features in areas where the water table as defined
in 2010 was within 10 ft of land surface and the overlying
land surface was predominantly impervious, suggesting the
potential for the interception of groundwater by subterranean
infrastructure, such as stormwater and wastewater convey-
ances. The exact location of these features, referred to as urban
drains, is unknown, but the specification of urban drains in
the model provides a mechanism for the potential removal of
water below the specified depth to subterranean infrastructure.
Water only discharges to these features where the simulated
water table is less than 10 ft from land surface.

Ponds are surface-water features represented by infi-
nite horizontal and vertical hydraulic conductivity val-
ues of 50,000 and 5,000 ft/d, respectively. This modeling
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method allows simulated ponds to respond to changes in
hydraulic stresses and reasonably creates the hydraulic
gradients observed upgradient and downgradient from flow-
through ponds.

Initial estimates of boundary leakances differed by
boundary type and were equivalent to values obtained from
vertical leakances (which are analogous to vertical hydrau-
lic conductivity) that are generally typical of the bottom
sediments likely present in each type of boundary: 0.1 ft/d
for estuaries, 0.2 ft/d for open coastal waters, and 1 ft/d for
streams. The resistance to flow across the boundaries was
a function of seabed or streambed sediment thickness and
leakance, both of which are largely unknown. The initial
values were adjusted during model calibration to achieve an
optimal fit to observed heads and streamflows. The hydraulic
conductance of subsea discharge boundaries was based on the
0.001-ft/d previous estimate of the vertical hydraulic conduc-
tivity of the overlying confining units (Buxton and Smolensky,
1999). Leakances in urban drains are unknown but were speci-
fied to be comparatively high (10 ft/d) to allow for the ready
discharge of water into these potential receptors.

Hydraulic Properties

The initial values of horizontal and vertical hydrau-
lic conductivity were derived from the lithologic texture
model (Walter and Finkelstein, 2020) for the upper glacial
and Magothy aquifers. The numerical model uses the same
grid dimensions and discretization as the texture model so
that no spatial averaging was required to map the estimated
hydraulic conductivity for each texture-model layer to the
two-dimensional model grid for each layer. The texture model
has a vertical resolution of 10 ft, whereas numerical model
layers can exceed 100 ft in the upper glacial aquifer and are
as thick as 60 ft in the Magothy aquifer (fig. 20). Hydraulic
conductivities—horizontal and vertical—from the lithologic
texture model were vertically mapped to the numerical model
layers in each cell by computing the thickness-weighted
mean of values from the texture model for each coincident
model layer. An arithmetic mean was computed for horizontal
hydraulic conductivity, and a geometric mean, for vertical
hydraulic conductivity.

Spatial patterns in initial hydraulic conductivity are like
those in the texture model (fig. 9). Generally lower initial
hydraulic conductivities are present in northern and central
parts of the island, associated with moraines and ice-contact
deposits, and generally higher hydraulic conductivity values
are present in southern parts of the island, associated with out-
wash deposits (fig. 214). There are few broad spatial patterns
in the hydraulic conductivity of the Magothy aquifer, which
has a complex depositional history. Vertical patterns in hydrau-
lic conductivity generally reflect observed geologic trends in
the upper glacial and Magothy aquifers (fig. 224 and B). The
largest hydraulic conductivity values within the upper glacial
aquifer are within outwash deposits, and the lowest hydraulic

conductivity values generally are within glacial moraines.

The largest values of hydraulic conductivity in the Magothy
aquifer are in the basal part of the unit, which was deposited
in higher-energy environments; the lowest values of hydraulic
conductivity generally are in the middle part of the Magothy
aquifer, which is a zone with large amounts of lignite, suggest-
ing deposition in low-energy environments.

Simulated hydraulic heads and cell-by-cell flow rates
can facilitate particle-tracking analyses to delineate recharge
areas and travel times in an aquifer. The porosity of aquifer
sediments does not affect simulated heads and flows but is an
important control on groundwater velocity and travel times.
Specified porosities of the aquifer sediments range from
0.25 to 0.5 and vary by hydrogeologic unit. Sediments in the
upper glacial aquifer were assumed to have a porosity of 0.35,
consistent with porosity values observed in glacial outwash
sediments in nearby Cape Cod, Massachusetts (Garabedian
and others, 1988). Intraglacial clays were assigned a porosity
of 0.4. Cretaceous aquifer sediments generally have a lower
hydraulic conductivity and, presumably, porosity than do
glacial sediments and were assigned a porosity value of 0.25.
Cretaceous and Pleistocene confining units have much lower
hydraulic conductivity but were assumed to have a higher
porosity of 0.5. Ponds and surface-water impoundments were
assigned a porosity of 1.0.

Hydraulic Stresses

The hydrologic stresses simulated in this model are
recharge (from both precipitation and anthropogenic return
flow) and groundwater withdrawals. Anthropogenic return
flow includes wastewater return flow from onsite domestic
septic systems in unsewered areas, rejected recharge from the
rerouting of overland flow on impervious surfaces to retention
or recharge basins, and water from leaky infrastructure in the
more developed areas of Long Island. Groundwater withdraw-
als include those for commercial, domestic, industrial, and
public supply uses. Both recharge and groundwater with-
drawal stresses represent average conditions for 2005—15.

Recharge

Recharge into the model was simulated by use of the
Recharge (RCH) package (McDonald and Harbaugh, 1988).
The spatial variability of natural recharge arising from veg-
etation, soil type, and water capacity as computed using the
SWB model is represented as multipliers within the modeled
area. Recharge into the model was determined by applying
these multipliers to a single scaling parameter that can facili-
tate a change in total recharge into the model while preserv-
ing the spatial variability determined from the SWB model;
this scaling parameter was adjusted during model calibration.
Additional spatial adjustment of recharge was facilitated
by use of recharge parameters, represented as pilot points
(fig. 23).
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All sources of anthropogenic return flow were included as
additional sources of recharge represented in the RCH pack-
age. As with natural recharge, these spatially variable recharge
values were represented as arrays of multipliers to which
single-scaling parameters were applied; this allows for
adjustment of these anthropogenic recharge rates during the
model calibration process while preserving the desired spatial
variability.

Groundwater Withdrawals

During the simulation period, there were 1,680 wells
withdrawing water from the Long Island aquifer system
for a variety of uses, including public supply, contaminant
remediation, and industrial uses. These pumping wells,
which are represented by a specified-flux boundary condi-
tion, were simulated by the Well (WEL) package (McDonald
and Harbaugh, 1988). The pumping well locations, screened
intervals, and pumping rates were obtained from the NWIS
database (U.S. Geological Survey, 2018) and supplemented
by additional water-use data provided by the New York State
Department of Environmental Conservation (written com-
mun., 2017). The pumping rates for all wells simulated in the
model were averaged for the 2005—15 period.

Model Calibration

The regional model of Long Island was calibrated by
adjusting model input parameters—hydraulic conductivity,
boundary leakances, and recharge—to yield simulated equiva-
lents of hydraulic heads and streamflows that reasonably
match observed long-term water levels and streamflows. The
inverse calibration modeling software package PEST ver-
sion 9 (Doherty, 2010) was used to calibrate the model. More
traditional trial-and-error methods can be used to produce
calibrated models that reasonably match observed hydrologic
conditions; however, the resulting parameters are highly nonu-
nique, and the match to observed conditions does not represent
a statistical best fit.

Inverse Calibration

Inverse calibration methods can estimate a set of param-
eters that represent a statistical best fit to observed hydrologic
conditions by use of nonlinear regression. It should be noted
that while inversely calibrated models produce a statistical
best fit to observations, the estimated parameters are a function
of the location and types of observations, weights applied to
those observations, and prior information on aquifer properties
used in the regression. Calibration of the Long Island regional
model involved a two-step process: (1) inverse calibration to
estimate the subset of parameters that yield the optimal model
fit to observations of hydraulic heads and flows that is in bal-
ance with adherence to prior geologic knowledge and (2) addi-
tional adjustment of model parameters to either improve

model fit in selected areas or to adjust any model inputs that
are outside a range of values considered reasonable. Step 1
produces the inversely calibrated model and step 2 modifies
that model to ensure reasonable model inputs and produces the
final, calibrated model.

Inverse calibration methods determine the model param-
eters that best fit a given set of observations using an iterative
form of Gauss-Levenberg-Marquardt nonlinear regression to
minimize an objective function (Levenberg, 1944; Marquardt,
1963). The objective function formulates the weighted fit
between observations and simulated equivalents and can
include prior information on aquifer characteristics. Two sets
of tasks are required to utilize inverse calibration methods in
model calibration: definition of model parameters that can
be adjusted between regression iterations and conversion of
observations to a form for which simulated equivalents can be
computed from the model. In this analysis, PEST (Doherty,
2010) was used to calibrate the regional model of Long Island.
The software package allows for the use of highly parameter-
ized model inputs, can incorporate prior geologic knowledge,
and has a large degree of flexibility in defining observations
and associated weights.

A Levenberg-Marquardt nonlinear regression is a
gradient-based modified Gauss-Newton technique that mini-
mizes the weighted misfit between observations and model-
calculated equivalents. The nonlinearity typical of a ground-
water system requires an iterative approach to minimization.
Observation sensitivities with respect to each parameter are
computed by perturbing (by | percent) individual param-
eters and evaluating the change in simulated equivalents for
each observation; this process requires a model run for each
parameter and results in a matrix of sensitivities, referred to as
a Jacobian matrix. The Jacobian matrix is computed initially
and updated between successive iterations to guide the non-
linear regression. Exploratory runs between each iteration are
performed to determine the local objective function gradient,
update parameter values, and lower the value of the objective
function. This process is repeated until updated parameters
change by less than the specified closure criterion (typically
1 percent) and the regression is complete.

Singular-value decomposition (SVD) is used to improve
stability in regressions by including large numbers of param-
eters to suppress variability of insensitive parameters based
on a user-defined range of eigenvalues (analogous to sensitivi-
ties) from SVD performed on the weighted Jacobian matrix
(Doherty and Hunt, 2010). In addition, the SVD-based param-
eter estimation methodology SVD-Assist of PEST (Tonkin
and Doherty, 2005) is used to more efficiently manage model
run times by reducing the number of parameters to fewer
linear combinations of parameters, referred to as superparam-
eters. Application of SVD—Assist assumes that the model gen-
erally is linear and that a full Jacobian matrix does not need to
be computed for each successive iteration of the regression.



Model Parameterization

Model inputs were expressed as parameters to facilitate
an inverse calibration of model characteristics to observed
steady-state hydrologic conditions. Three types of model
parameters were included in the inverse calibration: recharge,
boundary leakances, and hydraulic conductivity (horizontal
and vertical). The parameters were assigned upper and lower
constraints that reflected a range of values that would be
considered reasonable based on prior understanding of the
hydrologic system.

Recharge

Natural recharge to aquifer sediments is represented in
the model as a specified stress that is the product of the array
of recharge values estimated with the SWB model (fig. 134)
and a single scaling parameter; a recharge scaling value of
1.0 results in a specified recharge rate that is equal to that
estimated from the SWB model. A change in the param-
eter changes the simulated recharge rates in the model but
preserves the spatial variability of the recharge. Recharge
generally is about half or more of precipitation, which aver-
ages about 48 in/yr on Long Island. Recharge estimated from
the SWB model averaged 19.9 in/yr, lower than what would
generally be expected in coastal aquifers of the northeastern
United States (Walter and others, 2018). Inverse calibration
generally performs better when initial parameter values are
close to those expected. An initial value of the recharge-
scaling parameter was specified to be 1.3, which results in a
mean specified recharge of rate of 25.8 in/yr, closer to values
expected in the Long Island aquifer system. An upper and
lower constraint of 0.8 and 1.5, which represent the range that
a parameter can vary to an inverse calibration, were respec-
tively specified. Recharge onto surface waters was specified
to be 16 in/yr representing the difference between precipita-
tion and pan evaporation for the northeastern United States
and was not varied during calibration (Farnsworth and oth-
ers, 1982).

Spatial variability in recharge was calibrated using an
additional set of scaling parameters that were represented by
a network of 78 pilot points (fig. 23). Each pilot point was
an individual parameter that was used in conjunction with
the remaining pilot points to develop an array of continuous
values by use of ordinary kriging (Oliver and Webster, 1990).
The pilot points are scaling parameters, and the resulting
array is a set of multipliers. The final simulated recharge is the
product of (1) recharge values derived from those estimated
by use of the SWB model and the global scaling parameter
and (2) the array of multipliers estimated from the pilot-point
scaling parameters. A value of 1.0 for all pilot points results
in a uniform array of 1, and the resulting recharge is the same
as that derived from the SWB model and the global scaling
parameter.
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Recharge in urbanized areas with extensive impervi-
ous surfaces, as computed by the SWB model, is lower than
in other areas (fig. 124). The difference between recharge
computed in urbanized areas with impervious surfaces and
recharge computed assuming predevelopment land uses is
assumed to represent the recharge potentially unavailable to
the aquifer as direct recharge to the water table (fig. 12B);
this component of recharge is referred to as rejected recharge.
Some portion of this recharge component is known to enter
the aquifer through sumps and recharge basins, particularly in
urbanized areas of Nassau County. Therefore, this component
of recharge is considered as potential recharge, in addition to
that calculated through use of the SWB model. This potential
recharge is represented in a similar way as direct recharge to
the aquifer. The differences between recharge rates computed
by use of the SWB model for current [2019] and predevelop-
ment land uses were used as multipliers.

The simulated recharge is represented as the product
of these multipliers and a scaling parameter. Separate scal-
ing parameters were used for rejected recharge in New York
City (Brooklyn and Queens Counties), where there are few
recharge basins, and rejected recharge in Nassau and Suffolk
Counties, where recharge is more likely to be enhanced by
extensive networks of recharge basins. The scaling param-
eter applied to rejected recharge rates in New York City was
assigned an initial value of 0.01, which allows 1 percent of
this recharge component to enter the aquifer system. The
upper and lower constraint was specified to be 0.1 and 0.01,
respectively. The scaling parameter applied to Nassau and
Suffolk Counties, was assigned an initial value of 1.0, which
allows all of this component of recharge to enter the aquifer.
The upper and lower constraint was specified to be 1.0 and
0.1, respectively. Scaling parameters for New York City and
for Nassau and Suffolk Counties were adjusted during model
calibration. The upper and lower constraints were specified to
be 1.0 and 0.1, respectively.

Water also recharges the aquifer from wastewater return
flow from septic systems and leaky sewer lines. These com-
ponents of recharge are similarly represented as a combina-
tion of arrays of multipliers. Potential total wastewater return
flow was estimated in each model cell using the estimated
population (fig. 134; U.S. Census Bureau, 2018; National
Historical Geographic Information System, undated b) and a
per capita water use of 75 gallons per day (National Historical
Geographic Information System, undated a). The estimated
water use in each cell was applied as an array of multipliers.
The simulated wastewater return flow represents the product
of the potential wastewater return flow (fig. 244) and global
scaling parameters for sewered and unsewered areas.

Two separate scaling parameters were applied to sewered
and unsewered areas. Wastewater recharge in unsewered areas
represents septic-system return flow and was assigned an ini-
tial parameter value of 0.85, representing a consumptive loss
of 15 percent. The upper and lower constraints were specified
to be 0.8 and 0.9, respectively, and the scaling parameter was
adjusted during calibration. Wastewater recharge in sewered
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A. Wastewater return flow

74°W 73°W 72°W
I CONNECTICUT
§
\ ;o
NEW X
= YORK P
E -
2 /
S -
= 7
\ S \
o
\\ =
\
41°N |— N i
NEW
JERSEY
EXPLANATION
Potential wastewater return flow, in in/yr
0 I 20.01t0 50
0.01to5 I 50.01to 100
0 5 10 MILES [ 5.01t010 Hl 100.01 to 500
= 10.01to 20
40°30N |— CEAN " -
ATLANTICO 05 10KILOMETERS Sewered area
Base map from U.S. Geological Survey National Atlas digital data, scale 1:1,000,000
New York [Long Island] State Plane projection
North American Datum of 1988
B. Recharge from leaky infrastructure
74°W 73°W 72°W
I CONNECTICUT
§
\ Fy e
NEW S
YORK Pad

o
\\
%

/
/

/ 424137 1408
/ A
\

41°N F— [l
NEW
JERSEY
EXPLANATION

Leaky infrastructure return flow, in infyr

o I 20.01to 50

10 MILES 0.01to5 Il 50.01to 100

40°30'N — OCEAN = 501010 B 100.01 to 400

ATLANTIC 0 5 10KILOMETERS| | ™™ 1001020

Base map from U.S. Geological Survey National Atlas digital data, scale 1:1,000,000

New York [Long Island] State Plane projection

North American Datum of 1988
Figure 24. Maps showing spatially distributed values of A, wastewater return flow and B, recharge from leaky
infrastructure on Long Island, New York. in/yr, inch per year.



areas represents leakage from sewer lines and was assigned an
initial parameter value of 0.1, representing a consumptive loss
of 10 percent. The parameter was adjusted during calibration
between the upper and lower constraints of 0.15 and 0.01,
respectively.

An additional component of anthropogenic recharge is
leakage from water-supply infrastructure. The distribution
of leaky infrastructure was estimated using the road length,
which was assumed to approximate the length of leaky
infrastructure, in each model cell. The relative proportion of
road length in each cell within areas of public-supply service
areas to the total of road lengths for the county in which the
cell occurs was calculated; the total amount of groundwater
withdrawals was assigned to each cell based on the estimated
proportionality. These volumetric rates were represented as
an array of multipliers (fig. 24B), and the simulated recharge
representing leaky-infrastructure recharge is the product of
these multipliers and a scaling parameter. Recharge from
leaky infrastructure in areas serviced by public supply was
assigned an initial parameter value of 0.1, representing a loss
of 10 percent from infrastructure. The parameter was adjusted
during calibration between the upper and lower constraints
of 0.15 and 0.01, respectively. It was assumed that there was
no recharge from leaky infrastructure in areas without public-
supply service, where water is supplied from private wells
(fig. 13B).

Boundary Leakance

Leakance at boundaries refers to the vertical resistance to
flow within the sediments of the bottom of the surface water-
bodies and is a function of vertical hydraulic conductivity and
the thickness of the bottom sediments; leakance at boundar-
ies is therefore a lumped parameter. The vertical hydraulic
conductivity of these bottom sediments—for both freshwater
and saltwater surface waters—was represented as parameters
that varied during calibration. The initial vertical hydraulic
conductivity of streams and salt marshes, represented as drains
by use of the DRN package, were specified to be 1 ft/d, which
is consistent with silty sand deposits. These parameters varied
during calibration. The lower and upper constraints of vertical
hydraulic conductivity of streambed sediments were 0.2 and
20 ft/d, respectively; those for salt marshes were lower at
0.1 and 10 ft/d, respectively, to allow for the potential for fine-
grained sediments.

The vertical hydraulic conductivities of the seabed
sediments of open coastal waters and semienclosed estuaries
were coupled during calibration to ensure reasonable hydrau-
lic gradients in coastal areas, such as barrier islands. It was
assumed that the vertical hydraulic conductivity of offshore
coastal seabed sediments is twice that of those in semienclosed
estuaries, where sediments likely are finer grained than sandy
sediments likely present in high energy, coastal environ-
ments. The initial value of vertical hydraulic conductivity
in offshore seabed sediments was 2 ft/d (corresponding with
1 ft/d in semienclosed estuaries). The parameter varied during
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calibration between the upper and lower constraints of 0.2 and
20 ft/d, respectively, in coastal waters (0.1 and 10 ft/d, respec-
tively, in estuaries).

Hydraulic Conductivity

Horizontal and vertical hydraulic conductivity parameters
were defined using a combination of zones, pilot-point param-
eters, and values derived from the lithologic texture model.
Using only zones of piecewise constancy to define parameter
complexity, in combination with Gauss-Levenberg-Marquardt
nonlinear regression, generally is limited by the need for a
given problem to be invertible for a solution to be achieved.
Conversely, overly complex parameterization schemes can
result in highly correlated or insensitive parameters that can
limit the ability to achieve a reasonable solution or an accept-
able fit to observations. The use of pilot points addresses
both limitations by allowing parameters to be represented at
discrete points and allowing regions between each pilot-point
parameter to be defined by kriging (Oliver and Webster, 1990),
using the estimated values at the pilot points (Doherty, 2003).
This approach, when combined with SVD (Doherty and Hunt,
2010), may allow for complex and gradational hydraulic
conductivity fields and, often, an improved fit to observations.
The method also allows for regularization to balance prior
information on hydraulic conductivity with fit to observations.
Regularization allows for the preservation of prior geologic
knowledge and can minimize overfitting to observations that
can arise in highly parameterized models.

The network of pilot-point parameters represents a set
of dimensionless multipliers that, when combined with two-
dimensional ordinary kriging, are used to produce a quasi-
three-dimensional array of multipliers. The three-dimensional
array of hydraulic conductivity simulated in the numerical
model is the product of this array of multipliers and the three-
dimensional array of hydraulic conductivity derived from the
lithologic texture model (Walter and Finkelstein, 2020). A
value of 1 for all the pilot-points results in a three-dimensional
array of multipliers with a uniform value of 1 and an array
of simulated hydraulic conductivity that is the same as the
values derived from the texture model (figs. 21 and 22). This
approach allows hydraulic conductivity to be estimated during
calibration while preserving, to a degree, the underlying struc-
ture of the initial hydraulic conductivity field, as represented
by the texture model. The texture model is based on field data
and, therefore, represents independent prior geologic knowl-
edge; the balance between fit to observations and adherence
to this prior knowledge provides for a more informed model
calibration.

The simulated aquifer system was zoned for calibration
using the existing mapped hydrogeology of the Cretaceous and
Pleistocene aquifer system (Doriski and Wilde-Katz, 1982;
Krulikas and Koszalka, 1982; Cadwell and Muller, 1986;
Cadwell, 1989; Smolensky and others, 1989; Stumm, 2001;
Schubert and others, 2004). This zonation represents a reason-
able limit of prior geologic knowledge regarding the extent
of major hydrogeologic units at a regional scale; thus, no
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arbitrary zones were defined within these mapped hydrogeo-
logic zones. However, the Magothy aquifer was represented as
three separate vertical zones, each with a separate set of pilot-
point parameters, to better represent observed heterogeneity
within that unit; these vertical zones represent the vertical
extents to which multiplier values are interpolated, by use of
ordinary kriging within the aquifer.

The pilot-point network consists of a total of 3,333 verti-
cal zones of horizontal and vertical hydraulic conductivity
parameters within the 14 aquifer zones (figs. 25 and 26).

Pilot points generally are defined at regular intervals—where
possible—with additional, randomly placed pilot points
placed in some areas to ensure reasonable definition of the
interpolated hydraulic conductivity field, particularly in small
irregular zones. Most (3,131) pilot-point parameters are speci-
fied within major aquifers (fig. 25). Pilot points in the upper
glacial aquifer were spaced at a regular interval of 7,000 ft;
separate pilot-point networks totaling 946 pilot points were
defined for glacial outwash, moraines, and ice-contact depos-
its (fig. 254). A total of 175 pilot points within the Jameco
aquifer and Monmouth greensand also were placed at regular
intervals of 7,000 ft (fig. 25B). The Magothy aquifer, which

is more than 1,000 ft thick in some areas, contains a total of
1,915 pilot-point parameters across three vertical zones. There
are 667 points in the shallow Magothy aquifer (fig. 25B),

638 points in the intermediate part of the Magothy aquifer, and
610 points in the deep part of the Magothy aquifer (fig. 25C);
pilot points in the Magothy aquifer also have a regular spacing
of 7,000 ft. The Lloyd aquifer contains 85 pilot points that are
spaced at a regular interval of 25,000 ft, and the contiguous
North Shore aquifer had 10 pilot-point parameters spaced at
random locations to ensure a reasonably interpolated hydraulic
conductivity field (fig. 25D).

There are 202 pilot-point parameters defined within con-
fining units (fig. 26). There are 52 points within the Smithtown
clay, the 20-foot clay, and the North Fork clay (fig. 264). Pilot
points within the Smithtown clay were placed at a regular
interval of 12,500 ft. Pilot points were placed at irregular
intervals within the 20-foot clay and the North Fork clay. The
Gardiners clay contains 89 pilot points spaced at regular inter-
vals of 7,500 ft (fig. 26B). There are 11 pilot-point parameters
within the North Shore confining unit placed at random loca-
tions to ensure adequate definition of the interpolated hydrau-
lic conductivity field (fig. 264). The Raritan confining units
contains 50 pilot points that are spaced at regular intervals of
25,000 ft (fig. 26B).

Ordinary kriging was used to interpolate a two-
dimensional array of values within each geologic zone from
the individual values at pilot points within that zone and model
layer. Pilot points are specified in only 9 of the 25 layers in the
numerical model (fig. 27), and therefore, the kriging process
results in a partially complete three-dimensional array of mul-
tipliers. Regions with no specified multipliers occur in areas
where a geologic unit is represented by more than one model
layer. Multipliers in these remaining regions of the model are
populated by copying values in the appropriate zone from
model layers above or below the layer of interest.

The upper glacial aquifer generally is represented by
three model layers, the active extents of which decrease
monotonically with depth. Glacial sediments are represented
by as many as 18 model layers in erosional channels within
the underlying Cretaceous sediments. Pilot-points are defined
in only the top layer of the unit (fig. 27). The two-dimensional
array of multipliers produced by kriging in that layer are cop-
ied to the underlying two layers of the upper glacial aquifer.
Intraglacial clays are represented in a single layer (model layer
2) requiring no additional copying.

The combination of multipliers in the glacial aquifers
and clays results in a three-dimensional array of multipliers
in all model cells representing glacial sediments (fig. 27). The
same approach was used to populate regions of undefined
multipliers in the Jameco aquifer and Monmouth greensand.
Pilot points were defined in the top layer of each unit and
used to populate those regions by use of ordinary kriging. The
associated multipliers were copied into regions of the underly-
ing layers representing the corresponding geologic units. The
North Shore confining unit underlies glacial sediments along
the northern shore. The unit extends to bedrock in some areas,
decreases in extent monotonically with depth, and is repre-
sented by as many as 22 layers. Pilot points are defined in the
top layer (layer 4) and estimated multipliers are copied into the
corresponding regions representing the unit in underlying lay-
ers. The Gardiners clay underlies glacial sediments along the
southern shore and is also represented in a single model layer
(layer 4); pilot points are defined, and multipliers are estimated
in that part of the model layer representing this unit.

Cretaceous and Pleistocene sediments are separated by an
unconformity. This erosional surface reflects how Pleistocene
sediments are deeply incised into the uppermost Cretaceous
Magothy aquifer in some areas and that the spatial extent of
the Magothy aquifer increases monotonically with depth, in
contrast to the overlying Pleistocene sediments. The thick-
ness of the Magothy aquifer exceeds 1,000 ft in some areas
(fig. 6), and the unit is vertically heterogenous and has variable
hydraulic conductivity with depth (fig. 10). This variability
reflects the presence of mostly coarse sediments in the lower
part of the aquifer and extensive areas of silt and clay in the
intermediate part of the aquifer.

The Magothy aquifer (and contiguous units) is rep-
resented by 19 model layers (layers 5-23); the maximum
thickness of any model layer does not exceed 60 ft, which is
the typical screen length for public-supply wells in the aquifer.
The aquifer was subdivided into three separate groups to bet-
ter represent the vertical heterogeneity within the aquifer; the
top group is represented by layers 5 to 11, and the lower two
groups subdivide layers 12 to 23 into two equal groups of six
layers each (fig. 27). Pilot points were defined in the bottom
layer of each vertical group: model layers 11, 17, and 23.
Multipliers were estimated by ordinary kriging within those
regions representing the Magothy aquifer in those layers and
duplicated for the corresponding regions in the overlying lay-
ers within each group.
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A. Upper glacial aquifer
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Figure 25. Map showing hydraulic conductivity parameter zones and locations of pilot-point parameters for hydraulic
conductivity for the A, upper glacial aquifer, B, shallow Magothy aquifer and contiguous units, C, intermediate and deep
Magothy aquifer, and D, Lloyd aquifer and contiguous units on Long Island, New York.
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C. Intermediate and deep Magothy aquifer
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B. Cretaceous confining units
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Figure 26.
parameters in the A, Pleistocene and B, Cretaceous confining units on Long Island, New York.

Map showing hydraulic conductivity parameter zones and locations of hydraulic conductivity pilot-point
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The Raritan confining unit (and contiguous units) is
represented in most areas by a single layer, in which pilot
points are defined and multipliers are estimated (fig. 27). The
unit is represented by a second layer (layer 25) in areas where
the underlying Lloyd aquifer is absent. Multipliers in these
regions are copied from the overlying layer. The Lloyd aquifer
and the contiguous North Shore aquifer are both represented
only in the bottom layer of the model (layer 25). Pilot points
are defined, and multipliers estimated in that layer and requires
no additional copying.

The initial values of pilot-point parameters for horizontal
and vertical hydraulic conductivity were specified to be 1,
which results in three-dimensional array of multipliers with
a uniform value of 1 and an initial hydraulic conductivity
field that is the same as that mapped from the texture model
(figs. 21 and 22). Each individual pilot-point parameter was
adjusted, and a new three-dimensional hydraulic conductiv-
ity field was produced during model calibration. The upper
and lower constraints for pilot-point parameters were 1.5 and
0.5, respectively. A set of 16 scaling parameters were also
used to estimate horizontal and vertical hydraulic conductiv-
ity, 8 parameters each for horizontal and vertical hydraulic
conductivity. These parameters were global multipliers applied
to groups of one or more model layers. The eight groups were
layers 1 and 3 (glacial aquifer sediments), layer 2 (intragla-
cial clays), layer 4 (Gardiners clay), layers 4 to 11 (shallow
Magothy aquifer), layers 12 to 17 (intermediate Magothy
aquifer), layers 18 to 23 (deep Magothy aquifer), layer 24
(Raritan confining unit), and layer 25 (Lloyd and North Shore
aquifers). The hydraulic conductivity fields simulated in the
model represent the product of these global multipliers and
the hydraulic conductivity fields estimated as the product of
the three-dimensional multiplier arrays (derived from the pilot
points) and the initial hydraulic conductivity fields (derived
from the texture model). The upper and lower constraints for
the global parameters were 1.5 and 0.5, respectively.

Observations and Weighting

Observations of long-term average (steady-state) heads
and streamflows were used to formulate the objective func-
tion used in the inverse calibration of the groundwater-flow
model. The objective function includes individual terms for
each observation that are equal to the square of the difference
between the observed quantity and the simulated equivalent
multiplied by the weight of the observation; the weight is the
inverse of the estimate of error for each observation associated
with the observation. Weighting reflects the confidence in the
observation and, to a degree, the importance of the observa-
tion. Weighting can represent physically based errors associ-
ated with the measurement; however, such estimates are often
difficult to quantify, and the use of a diverse set of observa-
tions with differing units can complicate weighting schemes
based strictly on estimates of error. This is further exacerbated
by differing numbers of observations of different groups
because a large number of observations—even with relatively
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small values of misfit—can dominate the objective function
such that groups with more observations or larger units can
have disproportionate influence on the regression than groups
with fewer or smaller observations. It is also difficult to quan-
tify the error incurred by modeling assumptions and structure
(Doherty and Welter, 2010).

An alternative methodology is the application of a rela-
tive weighting scheme whereby a more qualitative measure
of the importance of a set of observations, as indicated by the
fraction of the objective function a given group of observa-
tions contributes to its total value, can be used to order weights
to reflect the user’s confidence in individual groups. Initial
weights are set based strictly on assumption of error, but they
can be adjusted to trade off the desired influence of specific
groups based on other factors. This level of subjectivity can
improve the calibration results, provided there is disclosure
of the assumptions made (Fienen, 2013). The use of relative
weighting requires that observations be grouped in a way that
reflects similar units and confidence in the value of the obser-
vation. The inverse calibration in this study used a relative-
weighting scheme owing to the diverse set of observation
types, the difficulty in assigning physically based measures of
error to inferred observations, and the difficulty in quantifying
the degree to which steady-state observations match true aver-
age conditions. The development of a reasonable weighting
scheme is a subjective, knowledge-based process that often
involves evaluation of several alternatives.

Water-level (hydraulic-head) observations were obtained
from the NWIS database (U.S. Geological Survey, 2018) and
used to estimate long-term averages for the steady-state cali-
bration period [2005—15] at 290 observation wells (fig. 28).
These observations of hydraulic head were grouped by the
suitability of the computed averages for representing long-
term average conditions. The suitability of an observation
to represent long-term average conditions is based primarily
on the number of observations during the calibration period
[2005—15] and the continuity of those observations during
that period. Average water levels in 146 of the 290 wells were
assumed to be representative of long-term average conditions,
thus the wells where these levels were observed were assigned
a higher weight than other wells during calibration. These
highly weighted wells generally had more than 100 water-
level observations and an adequate temporal distribution
across the calibration period. Additional wells with fewer than
100 observations were included in this highly weighted group
if they were in areas with a paucity of observation wells.

An additional set of 70 wells that represented an adequate
spatial distribution within highly urbanized Kings and Queens
Counties in New York City were assigned a nonzero but
lower weight in the calibration. The remaining 74 wells were
included in the calibration, but were assigned a zero weight
and, therefore, had no influence on the inverse calibration
results. These observations were included to assess residu-
als, which are the differences between observations and their
simulated equivalents, where a difference of greater than zero
indicates model underprediction and a difference less than zero
indicates model overprediction.
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Streamflow observations were used to estimate long-term
average flows for the steady-state calibration period [2005-15]
at 67 streamflow measurements sites (fig. 28). Similar to
water-level observations, these flow observations were
grouped by the suitability of these computed averages for rep-
resenting long-term average conditions. The suitability of an
observation to represent long-term average conditions during
the calibration period [2005—15] was evaluated by assessing
the number and distribution of observations during the calibra-
tion period. A total of 14 of the 67 sites were either continuous
or real-time measurement sites that were assigned a higher
weight than partial-record sites. These continuous-record sites
had more than 50 measurements that were well distributed
during the calibration period. A total of 8 of the remaining
52 partial-record sites were included as an additional weight
group. These sites were along upstream reaches of major
streams that were considered important hydrologic features for
model calibration. The remaining 44 partial-record sites were
included in the calibration but were assigned zero weights.

A relative-weighting scheme was used in the inverse cali-
bration whereby the assigned weights reflected the confidence
and identified importance of individual observation groups
for estimating parameters as part of the calibration process.
The weights were expressed as the fraction of the initial objec-
tive function (¢) contributed by residuals for that group of
observations. The weights for each observation within a group
are the same and are calculated from the desired fraction. The
two weighted water-level observation groups—wells with
large numbers of observations (group 1) and selected wells
in New York City (group 2)—were assigned weights that
contributed 42 and 8 percent, respectively, of the objective
function. Observations in a third head-observation group had
weights of zero. Similarly, two weighted streamflow observa-
tion groups—sites with continuous measurements (group 1)
and partial-record sites located along major streams (group
2)—were assigned weights that contributed 45 and 5 percent,
respectively, of the initial objective function. Observations in a
third stream observation group, remaining partial-record sites
with fewer than 50 measurements, had weights of zero.

Model Fit to Observations

The model calibration was a three-step process:

1. an inverse calibration to estimate parameters that result
in an optimal fit to observed hydrologic conditions for
the set of observations and associated weights,

2. adjustments of those parameters to address local misfit
between observed and simulated equivalents that result
in spatial bias in residuals and

3. adjustments to ensure all values are within ranges con-
sidered to be acceptable.
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The inverse-calibration results were evaluated to determine the
set of estimated parameters that best balanced model fit and
adherence to prior geologic knowledge. Postregression adjust-
ments included local and global conditioning of recharge and
hydraulic conductivity parameters.

Inverse Calibration

Calibration of a numerical model by nonlinear regres-
sion, as implemented in PEST, is an iterative technique that
estimates a set of optimal parameter values that minimizes
the weighted sum of squares objective function. A Jacobean
matrix of parameter sensitivities is produced by piecewise per-
turbation of the parameters. Parameter estimates are updated
after each iteration and ideally result in lower values of the
objective function with successive iterations. In a well-posed
regression, the process continues until the value of the objec-
tive function has reached a minimum value and is stable, as
indicated by a change of less than 1 percent between succes-
sive iterations. The set of parameters from the iteration that
produces the lowest value of the objective function is the opti-
mal set of parameters; these parameters generally are consid-
ered the calibrated values and are often produced in the final
iteration. The application of SVD, as implemented in PEST,
uses the SVD—Assist methodology. This approach is computa-
tionally efficient because it requires the Jacobian matrix to be
calculated only once. SVD—Assist uses the calculated sensi-
tivities to produce a set of linear combinations of superparam-
eters (as described in the “Inverse Calibration” section of this
report). This relatively small number of superparameters rep-
resents the optimal set that effectively can be used to minimize
the objective function (Doherty and Hunt, 2010).

The two considerations for evaluating how well a model
represents a system are (1) the degree of fit between observa-
tions and simulated equivalents and (2) the degree to which
the calibrated parameters adhere to prior information about the
system. The initial (precalibration) absolute mean residuals for
highly weighted hydraulic heads and streamflows were 5.32 ft
and 4.41 ft3/s, respectively. The inverse calibration docu-
mented in this report consisted of seven parameter-estimation
iterations. The lowest value of the objective function is after
the last iteration (iteration 7); the value is about 37 percent
of the initial value, indicating a substantial improvement in
model fit (fig. 294 and B). The absolute mean residuals for
highly weighted heads and flows following iteration 7 were
3.5 ftand 1.9 ft3/s, respectively.

Initial hydraulic conductivities were derived from an
independently developed texture model that incorporates
lithologic data from 1,780 boreholes and historic aquifer-test
results and are considered to represent prior hydrogeologic
knowledge with a high degree of confidence (Walter and
Finkelstein, 2020). Regularization, as implemented in PEST,
was used to balance model fit to observations with adherence
to preferred parameter values. Adherence of calibrated hydrau-
lic conductivity values to these initial values was considered
along with the improvement in model fit, as indicated by the
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value of the objective function. Hydraulic conductivity values
from the texture model were represented as multiplier arrays
so that the structure of the hydraulic conductivity fields was
preserved to a degree. The final hydraulic conductivity values
are the product of these arrays and a three-dimensional array
of multipliers determined from the pilot-point parameters.

These pilot-point parameters had initial values of 1,
resulting in a modeled hydraulic conductivity field that is
equivalent to that derived from the texture model; these pilot-
point parameters varied during calibration between upper
and lower bounds of 1.5 and 0.5. The departure of mod-
eled hydraulic conductivity values from the initial values is
indicated by the number of pilot-point parameters that reach
an upper or lower bound. The number of parameters that
reach an upper or lower bound increased with each succes-
sive parameter-estimation iteration (fig. 304 and B). A total of
6,150 (or 92 percent of the total) pilot-point parameters had
reached a bound following iteration 7, which also had the low-
est value of the objective function.

Although iteration 7 had the lowest objective function
and the statistical best fit between observations and simulated
equivalents, the parameters produced from iteration 3 were
chosen to be the calibrated values. Inspection of model fit and
the number of parameters reaching an upper or lower bound
indicated that model parameters produced after iteration 3
were considered acceptable. The absolute mean residuals
for highly weighted hydraulic heads and streamflows after
iteration 3 were 4.2 ft and 1.3 ft3/s, respectively. The absolute
mean residual for observations of head was about 5 percent of
the total range in head (about 90 ft) and, therefore, considered
reasonable. The absolute mean residual for highly weighed
streamflows, which were considered the best indicators of
long-term average conditions, was the lowest of any iteration.
A total of 1,850 parameters (about 27 percent of the total)
reached an upper or lower bound, indicating that not only
was the model fit to observations reasonable, but far fewer
parameters reached a bound in iteration 3 than in iteration 7
(fig. 30B). It was therefore determined that parameters pro-
duced in iteration 3 represented the preferred balance between
model fit and adherence to prior geologic knowledge.

Adjustments to Model Parameters

The recharge multipliers estimated using the SWB model
are based on national-scale spatial data. These datasets were
considered imperfect for a local-scale application though
preferable to alternative approaches because this approach
represents a data-driven analysis that incorporates spatially
distributed precipitation, temperature, soil, and land use data
that are known to affect recharge. Potential recharge rates
calculated using the SWB model often are lower than actual
rates (Westenbroek and others, 2010) but were considered to
generally represent spatial variations in recharge and useful as
a starting point for model calibration.
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The network of recharge pilot-point parameters allows
for local, spatially gradational adjustments to the SWB multi-
pliers (fig. 23); they were assigned a fixed value of 1.0 during
the inverse calibration. The pilot points can be used to locally
adjust recharge in areas with higher or lower than expected
recharge rates or areas with a lesser model fit to water-level
observations. The global fit to water-level observations of
4.2 ft was considered reasonable for the system; however,
there were large head residuals in some areas, including
central and northern parts of Nassau County where observed
heads generally were higher than the simulated equivalents
(fig. 304). Recharge rates in those areas and in New York City,
as estimated using the SWB model, were lower than expected,
and the values of the westernmost 13 recharge pilot points
(fig. 23) were increased by 50 percent to account for pos-
sible undercalculated recharge for impervious surfaces by the
SWB model in more urbanized areas. The array of multipli-
ers derived from the new pilot-point parameters values were
applied to the calculated recharge rates as input into the model.

Adjustments also were made to hydraulic conductivity
pilot-point parameters, after the inverse calibration, to improve
model fit in three specific areas within the upper glacial aqui-
fer: (1) coastal areas of Kings and Queens Counties in New
York City, (2) the Smithtown clay in north-central Suffolk
County, and (3) Shelter Island (figs. 25 and 26). The aquifer
system near the northern coasts of Kings and Queens Counties
thins to a point where bedrock crops out in northern Queens.
The simulated altitude of the bedrock surface in this area was
lowered by as much as 100 ft in the model to create enough
saturated thickness to ensure model stability in these areas.
The conceptual model underlying this structural change was
that the shallow, weathered bedrock is considered a part of the
aquifer system and represents additional saturated thickness
in this area. Observed water levels in this area generally were
higher than their simulated equivalents, suggesting that the
inclusion of shallow bedrock with the same hydraulic conduc-
tivity as the aquifer sediments may overestimate total trans-
missivity in this part of the model. The calibrated values of the
westernmost 23 hydraulic conductivity pilot points (fig. 254)
subsequently were decreased by 50 percent to decrease the
total transmissivity of the aquifer in this area.

The Smithtown clay is a shallow, extensive clay unit
within the upper glacial aquifer in north-central Suffolk
County (fig. 5; Krulikas and Koszalka, 1982). The unit has
a surface altitude between 75 ft above and 50 ft below MSL
and likely is an important control on water levels in the area.
The unit ranges in thickness between 50 and 100 ft. Observed
water levels near the clay generally were lower than their
simulated equivalents. Residuals near the clay generally are
reasonable, but the simulated water table generally was higher
than observed (Monti and others, 2013). The simulated water
table was particularly high in the northwest part of the unit
where the top of the clay is highest, about 75 ft above MSL.
There was a simulated water table mound in that area, where
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the water table was more than 90 ft above MSL—the highest
simulated water-table altitude in the modeled aquifer system—
that was considered to be an anomaly.

The clay unit was assigned an initial horizontal hydraulic
conductivity of 10 ft/d, representative of a silt and clay; the
calibrated values of pilot points within the clay unit (fig. 26)
averaged 1.2 ft/d, indicating that calibrated hydraulic conduc-
tivity values were similar to but lower than the initial value
of 10 ft/d. Inspection of lithologic logs used to define the
geometry of the unit (Krulikas and Koszalka, 1982) showed
that the unit, as mapped, contained a large amount of sandy
sediments, particularly in the northwestern parts of the unit
where borehole data suggest that the top of the unit is lower
than was initially mapped. Thus, the hydrogeologic data and
hydraulic head residuals suggest that the unit as represented
in the model underestimates the transmissivity of the upper
glacial aquifer in that area. Pilot points within in the unit were
increased by a factor of between 3 and 6 to produce hydraulic
conductivity values more consistent with a hydrogeologic unit
of mixed silty and sandy sediments.

Shelter Island is in the Peconic estuary system between
the North and South Forks (fig. 1) and is generally underlain
by ice-contact sediments. Residuals in individual wells were
considered reasonable (fig. 304), but the simulated water
table generally was thought to be lower than observed (Monti
and others, 2013). There was a paucity of hydrogeologic
data available for Shelter Island; therefore, the texture model
used to estimate initial hydraulic conductivity values likely
is not well-informed in this area. The calibrated values of the
12 pilot points representing hydraulic conductivity on Shelter
Island (fig. 25) were reduced by 50 percent to lower the
simulated transmissivity of the underlying aquifer to provide a
better fit to observed water levels.

The adjusted pilot-point parameters were incorporated
into the inversely calibrated model, and new model inputs
were generated. The use of pilot points to populate input
arrays by use of kriging can result in input values—hydraulic
conductivity and recharge—that are above or below values
considered reasonable, even if pilot-point parameters them-
selves are assigned upper and lower bounds that are consid-
ered to be reasonable. The upper and lower limits for recharge
were assumed to be 1 and 32 in/yr, respectively. Any model
cell with a recharge rate less than 1 in/yr was assigned that
value, and 32 in/yr was specified in any cell with a recharge
rate that exceeded that value.

The upper and lower limits for hydraulic conductivity
varied by aquifer. Coarse-grained sediments were assumed to
be present in parts of all aquifers; therefore, the upper limit for
aquifers was assumed to be 350 ft/d, generally representative
of coarse sand and gravel (Walter and Finkelstein, 2020). The
lower limit of hydraulic conductivity varied by aquifer. The
Cretaceous Monmouth greensand and Magothy and Lloyd

aquifers were assigned a lower limit of horizontal hydraulic
conductivity of 10 ft/d, consistent with silty sediments. The
Pleistocene Jameco and North Shore aquifers were assigned a
lower limit of 30 ft/d. Wisconsin glacial outwash, ice-contact,
and morainal deposits were assigned lower limits of 70, 30,
and 10 ft/d, respectively.

The lower limit of vertical hydraulic conductivity for the
Cretaceous aquifers was 1 ft/d. The lower limit of the Jameco
aquifer was specified to be 3 ft/d. Outwash, ice-contact, and
morainal deposits were assigned values of 7, 3, and 1 ft/d,
respectively. The lower limit of vertical hydraulic conductiv-
ity in a confining unit was specified to be 0.001 ft/d. Values
of horizontal and vertical hydraulic conductivity in individual
model cells that were below the lower limit or above the upper
limit for the unit represented by that cell were assigned the
value of the corresponding lower or upper limit.

The adjustments applied to the selected recharge
and hydraulic-conductivity pilot points resulted in lower
(improved) hydraulic head residuals, particularly in Nassau
County and New York City (fig. 30B). Observed water levels
and simulated equivalents for highly weighted heads gener-
ally were in good agreement (fig. 314), with an absolute
mean residual of 2.68 ft, which was about 3.2 percent of the
total hydraulic gradient across the aquifer system. The mean
residual was 0.36 ft, indicating head observations on average
were slightly higher than simulated equivalents and gener-
ally were evenly distributed around the mean (fig. 315). The
absolute mean residual for low-weighted heads was 4.7 ft, and
the mean for low-weighted heads was —0.75 ft, indicating that
simulated heads in New York City were, on average, higher
than observed heads (fig. 31C). The large residuals (exceeding
20 ft) are near the coast in northwestern Queens County and
in an area with high water-table altitudes overlying a very thin
aquifer system, possibly on bedrock (fig. 30B).

The adjusted parameters improved fit between highly
weighted observed streamflows and simulated equivalents
from about 1.4 to 1.3 ft3/s, respectively. Observed and simu-
lated streamflow are in close agreement at highly weighted
observations (fig. 324). Total measured and simulated stream-
flow at these observations were about 258 and 257 ft3/s,
respectively, which is a difference of about 0.6 percent. The
absolute mean and mean residual streamflow were 1.33 and
0.1 ft3/s, respectively. The absolute mean residual was
3.34 ft3/s for low-weighted streamflow observations, which
were partial-record sites on major streams. Observed and
simulated streamflows at these sites generally were in close
agreement (fig. 32B). The mean residual at low-weighted sites
was —2.24 ft3/s, indicating that simulated equivalents gener-
ally were higher than observed streamflow. Total measured
and observed streamflow at these sites differed by about
18 percent.
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A. Highly weighted observations
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Figure 32. Graphs showing observed streamflows and simulated equivalents for A, highly weighted and B, low-weighted

observations for groundwater flow on Long Island, New York.



Simulation of Groundwater Flow

The calibrated regional model of Long Island was used
to evaluate current hydrologic conditions, including a general
hydrologic budget, water-table altitudes, recharge areas to
major receptor types, and groundwater travel times calcu-
lated from the water table to those receptors. A version of this
model for the period before urban development (predevelop-
ment) was constructed using the same natural recharge rates,
hydraulic properties, and boundary leakances as the adjusted,
calibrated model. Spatially variable recharge in the predevel-
opment model was estimated using the SWB model and land
use representing undeveloped conditions, in which impervi-
ous surfaces were removed. Groundwater pumping was not
represented in the predevelopment model. The two versions
of the model were subsequently used to evaluate the effects of
conditions on the hydrologic system for 2005-15.

Hydrologic Budget

About 2,590 ft3/s of water enters the aquifer system from
natural recharge under predevelopment conditions from natu-
ral recharge (table 2). More than half—about 60 percent—of

Simulation of Groundwater Flow 59

the water discharges into saline surface waters or subsea
saline groundwater. About 51 and 4 percent of the recharged
water discharges directly into coastal waters and salt marshes,
respectively; the remainder (about 5 percent) discharges from
deep, confined aquifers into salty groundwater. A total of

40 percent of groundwater discharges into freshwater streams
and wetlands under natural conditions.

The changes to the aquifer system for 2005—15 included
withdrawal of water from pumped wells and changes to the
distribution and sources of recharge. From 2005 to 2015,
about 46 percent of groundwater discharged into saline surface
waters or subsea saline groundwater and about 28 percent
discharged into freshwater streams (table 2). Natural recharge
calculated for current conditions for 200515 was about
2,571 ft3/s, or about 1 percent less than that calculated for
predevelopment conditions. Additional sources of recharge
for current conditions for 200515 included leaky infra-
structure (179 ft3/s) and wastewater return flow (170 {t3/s).
About 87 ft3/s of potential recharge intercepted by impervious
surfaces was redirected as recharge at the water table. Total
recharge to the system including these additional sources of
recharge was 3,007 ft3/s, or about 16 percent more than under
predevelopment conditions.

Table 2. Model-calculated hydrologic budget for the aquifer system on Long Island, New York, under average, predevelopment, and

current pumping and recharge conditions for 2005-15.

[ft3/s, cubic foot per second; NA, not available]

Predevelopment

Current [2005-15] stresses

Hydraulic budget _Flow, Percent _Flow, Percent i::::f?:lat
in ft3/s in ft3/s
Inflow [recharge]
Natural 2,527.48 100.00 2,571.06 85.49 1.72
Impervious surfaces NA NA 87.26 2.90 NA
Infrastructure NA NA 179.01 5.95 NA
Wastewater NA NA 170.06 5.65 NA
Total recharge 2,527.48 NA 3,007.39 NA 15.99
Outflow
Freshwater:
Streams 1,016.90 40.21 854.75 28.42 —15.95
Urban drains NA NA 115.90 3.85 NA
Total freshwater 1,016.90 40.21 970.65 32.28 —4.55
Saltwater:
Coastal waters 1,328.05 52.52 1,223.50 40.68 —7.87
Salt marshes 108.39 4.29 105.84 3.52 —2.35
Subsea discharge 75.37 2.98 52.89 1.76 —29.82
Total saltwater 1,511.82 59.79 1,382.23 45.96 —8.57
Pumped wells NA NA 655.99 21.80 NA
Net

Total discharge 2,592.93 NA 3,008.87 NA 16.04
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Impervious surfaces lower natural recharge rates in some
areas, and the conversion of land from undeveloped land cover
to residential uses can result in locally higher recharge rates
when comparing natural recharge rates from predevelopment
and current conditions for 2005—-15 (Yang and others, 2015).
Natural recharge for current [2005—15] conditions was about
44 ft3/s higher than predevelopment conditions when the natu-
ral recharge captured by impervious surfaces (about 87 ft3/s)
and redirected to the aquifer system via retention basins or
“sumps” was considered.

Anthropogenic recharge sources include wastewa-
ter return flow and loss of water from leaky infrastructure,
and combined, contribute an additional 349 {t3/s of aquifer
recharge. Wastewater return flow totaled about 170 ft3/s and
occurred mostly in densely populated, unsewered areas, par-
ticularly in western and central Suffolk County. Recharge from
leaky infrastructure was assumed to be about 179 ft3/s, mostly
derived from leaky mains transmitting the 1,080 ft3/s of
water imported into Kings and Queens Counties from upstate
surface-water reservoirs.

A total of 656 ft3/s (or about 425 Mgal/d) of water was
withdrawn annually for water supply under current [2005—-15]
conditions, which reduced groundwater discharge to surface
waters. Discharge to coastal waters—estuaries, salt marshes,
and open waters—decreased by about 107 t3/s (or about
8 percent) compared with predevelopment conditions (table 2).
Discharge from confined aquifers into overlying salty ground-
water decreased by about 1.22 ft3/s (or about 30 percent),
which is the largest proportional decrease in response to
groundwater pumping. Discharge to freshwater streams and
wetlands decreased by about 170 ft3/s (or about 17 percent).
Combined, the total reduction in discharge to natural recep-
tors in response to groundwater pumping was about 176 ft3/s,
accounting for about 55 percent of total pumping.

The remaining (415 ft3/s) offset to groundwater pumping
came from increased aquifer recharge for current [2005—-15]
conditions compared with predevelopment conditions. This
increase in recharge, when combined with the reduction in
discharge to natural receptors (357 ft3/s), was about 116 ft3/s
more than the total amount of water removed by pumping
(656 ft3/s). The additional 116 ft3/s of water was accounted
for as groundwater discharge to subterranean infrastructure,
primarily in urbanized areas with shallow depths to water.
This groundwater ultimately leaves the aquifer system by way
of stormwater conveyances or combined stormwater-sanitary
sewer systems with coastal outfalls.

Simulated Hydrologic Conditions

The simulated water table under predevelopment condi-
tions is controlled by major coastal boundaries and streams
(fig. 33). There are two water-table mounds on the mainland
of the island, separated by the Nissequogue and Connetquot
Rivers in the central part of the island. The maximum altitudes
of the western and eastern water-table mounds exceed 90 and

60 ft, respectively, for simulated predevelopment conditions.
In addition to the mainland water-table mounds, local water-
table mounds occur on the North and South Forks and exceed
5 and 20 ft, respectively.

A regional groundwater divide, representing an area of
near-zero horizontal hydraulic gradients and vertical flow,
extends generally west to east across the main part of the
island. In areas north of the divide, groundwater flow is
northward to Long Island Sound and contiguous waterbod-
ies, whereas south of the divide, flow is southward towards
the Atlantic Ocean and contiguous waterbodies. The regional
groundwater divide bifurcates into two separate divides
extending onto the North and South Forks (fig. 33); ground-
water flow in areas between the bifurcated divides converges
towards the Peconic estuary system. An area of 374 mi2 of the
water table (or about 27 percent of the total area) contributes
water to the Cretaceous (Magothy and Lloyd) aquifers and
contiguous units. The area at the water table that contributes
recharge to the Lloyd aquifer (the deepest aquifer on the
island) is about 16 mi2 (or about 1 percent of the total land
area of Long Island). Recharge to the Lloyd aquifer occurs
in narrow swaths along the regional groundwater divide and
extends northward in interior parts of Nassau and Queens
Counties.

The simulated water table under current [2005-15]
pumping and recharge stresses generally is similar in shape
to that under predevelopment conditions: western and east-
ern water-table mounds separated by the Nissequogue and
Connetquot Rivers and local water table mounds (fig. 344) on
the North and South Forks. The western and eastern water-
table mounds have maximum simulated altitudes of more than
80 and 60 ft, respectively, that are somewhat lower than water-
table altitudes under unstressed conditions (fig. 33).

Hydrologic conditions under pumping and recharge
stresses for 2005—15 differ from those under predevelop-
ment (unstressed) conditions. Development affects natural
recharge by increasing the extent of impervious surfaces and
by changing land use and associated recharge regimes. About
22 percent of current recharge (from all sources) is withdrawn
for water supply from the aquifer system, which results in
local decreases in water-table altitudes. The return of pumped
water (wastewater return flow) is about 26 percent of the total
(island-wide) groundwater pumping; however, most of this
wastewater return flow occurs in unsewered areas of Suffolk
County (fig. 244). Pumped groundwater, as well as reservoir
water imported from upstate New York, also can provide
recharge to the aquifer system through leaky infrastructure
(fig. 24B). The interaction of these point and spatially distrib-
uted stresses results in complex hydrologic responses that vary
spatially (fig. 34B).

Pumping and recharge for 200515 have resulted in
changes in water-table altitudes across the island compared
with predevelopment conditions, with some areas showing
large decreases (drawdown) in water-table altitudes, and other
areas showing increases (mounding) in water-table altitudes.
Water-table altitudes in the western part of the island have
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A. Simulated water table
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stresses and B, changes in water table altitude resulting from those stresses on Long Island, New York.



generally decreased in response to pumping and recharge
stresses (fig. 34B). The largest drawdowns are in New York
City (Kings and Queens Counties), where water-table alti-
tudes have decreased by more than 30 ft in response to current
stresses. There are few groundwater withdrawals in this area
(fig. 18) currently [2019], but the highly urbanized landscape
and extensive impervious surfaces have greatly reduced
aquifer recharge in Kings and Queens Counties (fig. 124),
resulting in large drawdowns compared with predevelopment
conditions.

Large drawdowns also are simulated in Nassau and west-
ern Suffolk Counties. Recharge in this area is greater than in
Kings and Queens Counties because there are fewer impervi-
ous surfaces, and much of the water lost to those surfaces is
returned to the aquifer as redirected recharge by sumps and
recharge basins. The largest drawdown—about 15 ft—is in
eastern Nassau County (fig. 34B). About 297 {t3/s (or about
57 percent of the total recharge from precipitation) of water
currently [2019] is withdrawn from wells for public supply
in Nassau County. Most of Nassau and southwestern Suffolk
Counties are sewered (fig. 244); therefore, water pumped from
these areas is permanently removed from the aquifer system
by way of centralized wastewater treatment facilities with
coastal outfalls. This local imbalance between pumping and
return flow rates decreases water-table altitudes in these areas.

Water-table altitudes for 2005—15 conditions were higher
in northern parts of Nassau County and in central and eastern
parts of Suffolk County than they were in areas under prede-
velopment conditions (fig. 348). Mounding of greater than 1 ft
occurs primarily in central parts of Suffolk County, which gen-
erally are characterized by medium- and low-density residen-
tial land uses where recharge rates can be larger than rates in
undeveloped areas (Yang and others, 2015). In addition, most
of this area is unsewered (fig. 244), and the addition of spa-
tially distributed wastewater return flow may result in elevated

20
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water-table altitudes, particularly in unsewered residential
areas away from large groundwater withdrawals as is common
in central and eastern parts of the island.

The complex interaction between pumping and return
flow also affects streamflow (fig. 35), as changes in water-
table altitudes alter hydraulic gradients and the amount of
groundwater discharge into nearby streams. Total simulated
streamflow decreased by about 162 ft3/s as a result of stresses
for 2005—15 (table 2); however, changes in streamflow varied
locally throughout the island (fig. 34B). Streamflows generally
decreased in western and central parts of the island, corre-
sponding to areas of large groundwater withdrawals and exten-
sive sewering. Simulated decreases in streamflow exceeded
10 ft3/s for some streams in southwestern Nassau County;
the largest simulated decreases were about 15 ft3/s in South
Pond Outlet and East Meadow Brook. Streamflow generally
increased in eastern parts of the island where the addition of
wastewater return flow and changes in land use increased total
recharge rates and resulting water-table altitudes. The largest
simulated increases in streamflow were about 4 ft3/s for the
Carmans and Peconic Rivers.

Recharge Areas and Times of Travel to Pumping
Wells and Natural Receptors

Recharge to the water table exits the aquifer system
as groundwater discharge to streams, wetlands, and coastal
waters under natural or predevelopment conditions; under cur-
rent conditions for 2005—15, additional receptors of ground-
water discharge included pumped wells and subterranean
infrastructure. The area at the water table that contributed
groundwater to these natural and anthropogenic receptors,
referred to as the recharge area, is a function of the configura-
tion of the water-table geometry and the hydrologic position of
these receptors within the aquifer system (figs. 364 and 374).
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Figure 35. Graph showing change in streamflow resulting from stresses and land use in 2005-15 compared with predevelopment
stresses and land use on Long Island, New York. Stream numbers are indicated on figure 28. f3/s, cubic foot per second.
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A. Recharge areas
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Figure 36. Maps showing A, recharge areas and B, travel times to hydrologic receptors under predevelopment conditions
on Long Island, New York.



A. Recharge areas

Simulation of Groundwater Flow

74°W 73°W 72°W
I CONNECTICUT
(
\ )’J
NEW X
% YORK P P
= 7
2 /
S -
= 7
\ b \
\\ = 3
a1°N |— ~N b

NEW
JERSEY

EXPLANATION

Recharge area to receptor

B Stream

[ Gardiners Bay

0 Freshwetland [ Long Island Sound
Salt marsh I New York City
momies | | O Estuary waterways
40°30'N — N Atlantic Ocean [l Subusea discharge | ™|
NTIC OCEA [0 Impervious drain [l Pumped well
| ATLA | 05 I10KILOMETERS P P
Base map from U.S. Geological Survey National Atlas digital data, scale 1:1,000,000
New York [Long Island] State Plane projection
North American Datum of 1988
B. Travel times
74°W 73°W 72°W
I CONNECTICUT
L
\
NEW X
YORK
= R K

/

/
/ A2a5yy 108
/ A
AN

41N —
NEW
JERSEY

1t05

61to 10
I 1t020
I 211030
B 311040
B 411050

0 5 10 MILES

40°30'N —

0 5 10KILOMETERS

Travel times to receptors, in years

EXPLANATION

51t070 [ 401 to 500
[ 71t0100 [ 501 to 700
I 1010 150 [ 701 to 1,000
B 1510200 | 1,001 to 10,000
20110300 [ 10,001 t0100,000 |—
[ 301 t0 400

Base map from U.S. Geological Survey National Atlas digital data, scale 1:1,000,000
New York [Long Island] State Plane projection
North American Datum of 1988

Figure 37. Map showing A, recharge areas and B, travel times to hydrologic receptors under current conditions for

2005-15 on Long Island, New York.
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Under predevelopment conditions, about 610 mi2 of
the land-surface area above the water table (or 43 percent
of the total about 1,400 mi2 area) contributed groundwater
to freshwater streams and wetlands; about 33 percent of the
area (466 mi2) contributed water to estuarine embayments
(fig. 384). About 16 percent of the area (220 mi2) contributed
water to open coastal waters, including the Atlantic Ocean,
Long Island Sound, Gardiners Bay, and coastal waters sur-
rounding New York City. Only about 2 percent of the area
(38 mi2) discharged from confined aquifers into salty ground-
water (subsea discharge). The percentages of recharge areas to
all freshwater and saltwater receptors were 43 and 57 percent,
respectively, and are like the proportionality of flows to those
receptors (table 2).

The elapsed time between water recharging the aquifer
system at the water table and discharging to a hydrologic
receptor, referred to as travel time, generally is a function of
the hydraulic gradient and the length of a flow path between
the water table and the terminal receptor. The length of flow
paths and, therefore, travel times are a function of hydrologic
position as approximated by the relative distance of a given
location from groundwater divides and discharge receptors
(figs. 368 and 37B). Simulated groundwater travel times in
the Long Island aquifer system range from essentially zero in
areas adjacent to receptors to more than 10,000 years in areas
near regional groundwater divides (fig. 36B).

Median values are used to summarize travel times to
receptors because of the potential influence of large travel
times on estimated mean values. The smallest travel times
under predevelopment conditions generally were for open
coastal waters (the Atlantic Ocean. Gardiners Bay, and waters
in New York City) where median travel times are less than
10 years (fig. 37B). Median travel times to Long Island Sound
are larger—about 29 years (fig. 33). Overall, the median travel
time to freshwaters receptors—streams and wetlands—is
about 18 years. Major streams and wetlands had median travel
times of 27 and 15 years, respectively (fig. 378). Median

travel times to inshore estuaries and salt marshes were similar,
about 12 and 14 years, respectively. The largest median travel
time of about 1,200 years was for subsea discharge from deep,
confined aquifers.

Current hydrologic conditions are typified by large
withdrawals of groundwater from wells and the interception
of recharge by subterranean infrastructure in highly urban-
ized areas. About 290 mi? of the land-surface area above the
water table contributes water to pumped wells (fig. 384). This
results in smaller recharge areas to natural receptors. The larg-
est decrease in recharge areas resulting from pumping was to
freshwater receptors (fig. 374). The land-surface area above
the water table contributing recharge to freshwater receptors
(streams and wetlands) decreased by about 210 mi2 (about
35 percent). Recharge areas to inshore estuaries decreased
by about 125 mi2 (or about 26 percent; fig. 384). Recharge
from an area of about 110 mi? is intercepted by subterranean
infrastructure in urbanized areas, as simulated in the model;
recharge areas to coastal waters surrounding New York City
decreased by about 60 percent.

Current pumping stresses for 2005—15 substantially
changed the distribution of travel times, particularly in western
and central Long Island (figs. 368 and 37B). The drawdown of
water to pumped wells resulted in isolated and disconnected
areas of small travel times to these receptors in interior parts
of the island (fig. 37B). Median travel times to pumped wells
was about 50 years, substantially longer than those to freshwa-
ter receptors and coastal waters (fig. 38 8). Much of the pump-
ing is in deep portions of the aquifer system causing increased
vertical hydraulic gradients and the interception of older water
that generally resulted in shorter travel times to other recep-
tors. The largest decrease in median travel times was about
11 years for discharge to large streams; travel times to other
receptors decreased by about 6 years or less. Travel times to
coastal waters in New York City increased slightly (by about
3 years) under hydrologic conditions for 2005-15.
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Limitations of Analysis

The use of numerical models to simulate regional ground-
water flow systems such as the Long Island aquifer system
has inherent limitations; however, a proper model design to
address scale-appropriate questions can help minimize these
limitations. Some of the primary limitations of a numerical
model include (1) the simplifying assumptions inherent in the
conceptual model underlying those numerical models, (2) the
assumption of steady-state conditions, (3) model discretization
and the representation of hydrologic boundaries, (4) repre-
sentation of hydraulic stresses and intrinsic aquifer proper-
ties, (5) model fit to observed hydrologic conditions, and
(6) the accuracy of aquifer properties estimated from model
calibration.

The calibration period [2005—15] was assumed to rep-
resent average hydrologic conditions. Observed water levels
and streamflows during this period generally are similar to
long-term average conditions. Average recharge for 2005-15,
as estimated using the SWB model, is similar to that estimated
since the early 1980s, and estimated total water use is similar
to average water use since the early 1990s. Measurements
of water levels and streamflows for the calibration period
[2005—15] also were similar to measurements over longer-term
periods of record. However, the assumption of steady-state
conditions could affect estimated recharge areas and travel
times because it does not account for the effects of time-
varying pumping stresses on advective transport, particularly
in interior parts of the island with large historical withdrawals
and larger travel times.

The discretization of a model is determined to be the
minimum cell size needed to reasonably represent the hydro-
logic system at a spatial scale appropriate for the analysis,
while maintaining a tractable model size given current
computational resources. The Long Island regional model has
a uniform horizontal discretization of 500 ft on a side and is
appropriate for regional-scale analyses, including simulation
of water levels, streamflows, recharge areas, and travel times.

This regional model is not appropriate for local-scale
analyses in which more detailed information is required, but
it can provide boundary conditions for inset models when a
finer discretization appropriate for such analyses is needed.
The implicit representation of streams and coastal waters as
head-dependent flux boundaries is also considered appropriate
as these hydrologic features generally are areas of groundwa-
ter discharge where the volume of discharge is proportional to
hydrologic gradients at those features.

Numerical models ideally are based on independent data
that can be adjusted, to an expected degree, during model
calibration to achieve a fit within established parameters to
observed hydrologic conditions. Aquifer recharge, as rep-
resented in the model, was estimated from land use, soil
characteristics, and climatological data by use of an SWB
model (Misut and others, 2020). The hydraulic conductivi-
ties of aquifer sediments in the island’s principal aquifers
(the upper glacial and Magothy aquifers) were derived from

a quasi-three-dimensional lithologic texture model based on

a large database of lithology from boreholes and aquifer tests
(Walter and Finkelstein, 2020). Although these represent
generally reliable initial values for the numerical models, both
the modeled estimates and uncertainties associated with those
underlying models also could contribute to some uncertainty
in model inputs for the Long Island regional model.

These initial values of hydraulic conductivity were
adjusted during model calibration using inverse methods;
these methods use a Gauss-Newton formulation of the
Levenberg-Marquardt nonlinear regression to estimate a set of
model inputs that best fit observed hydrologic conditions. The
results of a regression are a function of the relative weights
of the hydrologic observations, which are subjective and
reflect the relative importance of different types of observa-
tions to model predictions. Observations of long-term average
streamflow were assumed to be better indicators of long-term
average hydrologic conditions and were given higher weights
than were observations of water levels.

Changing the relative weights of the hydrologic observa-
tions will result in a different set of model inputs and could
result in different model predictions. Even though the cali-
brated model has a degree of misfit (or error) that varies spa-
tially, the model produced simulated water levels and stream-
flows that generally were in good agreement to observed
values. The degree of misfit contributes to uncertainty in
model predictions; model-prediction uncertainties would be
expected to be higher in areas of greater misfit or in areas with
fewer weighted observations.

The most reliable initial aquifer properties and weighted
water-level observations are within the upper glacial aquifer
and within the Magothy and contiguous aquifers, which are
the region’s principal aquifers and of greatest importance to
local stakeholders. Fewer data are available in the underly-
ing Raritan confining unit and Lloyd aquifers. The former
is important as a control on deep groundwater flow and the
position of the freshwater/saltwater interface in the underlying
Lloyd aquifer. Few data are available on the surface altitude,
thickness, and hydraulic characteristics of the Raritan confin-
ing unit, particularly in the central and eastern parts of Long
Island. Representation of the Raritan confining unit in the
model is generally based on available information regard-
ing the hydraulic properties, geometry, and extent of the unit.
Based on the limited data available, the unit is assumed to be
continuous across the island and absent only along the north-
ern shore of the island. The unit also is assumed to consist
primarily of clay with a low horizontal and vertical hydraulic
conductivity of about 1 and 0.001 ft/d, respectively.

Changing the representation of the Raritan confining unit
(thickness, continuity, and hydraulic conductivity) could affect
hydrologic predictions, including the degree of confinement
and position of the freshwater/saltwater interface in the Lloyd
aquifer along the southern shore of the island and the recharge
area to the Lloyd aquifer. The current representation of the
Raritan confining unit results in a simulated recharge area
to the Lloyd aquifer of about 16 mi2 (or about 1.3 percent of



the total island-wide recharge area). Increasing the horizontal
hydraulic conductivity of the Raritan confining unit to 10 ft/d
(from 1 ft/d) and vertical hydraulic conductivity to 0.1 ft/d
(from 0.001 ft/d) results in a recharge area of about 52 mi2

(or about 4 percent of the island’s recharge area). Further
increasing the horizontal and vertical hydraulic conductivity
to 30 and 1 ft/d, respectively, consistent with fine-grained silty
sand, increases the recharge area to a total of about 60 mi2 (or
about 4.7 percent of the overall recharge area).

This sensitivity analysis suggests that the recharge area
to the Lloyd aquifer likely is relatively small—less than 5 per-
cent of the total—over a wide range of possible hydraulic con-
ductivity values. Although this representation of the Raritan
confining unit may not affect the extent of the recharge area
to the Lloyd aquifer, representation of the unit as discontinu-
ous, particularly in interior parts of the island, could affect the
degree of confinement of the Lloyd aquifer and the position of
the freshwater/saltwater interface in the Lloyd aquifer along
the southern shore.

The regional model represents the freshwater/saltwater
interface as a static no-flow boundary that is decoupled from
the numerical model solution. The position of the interface in
areas where the principal aquifers are unconfined was esti-
mated using water-table altitudes and a saltwater-to-freshwater
density ratio of 40:1. Salinities (and densities) likely are lower
in some brackish water estuaries; however, a density ratio
assumption of 40:1 would overestimate the aquifer thick-
ness, which was considered to be preferable. The interface
position in the Lloyd aquifer and in confined parts of the
Magothy aquifer and contiguous units was estimated from
isochlors determined from borehole and surface geophysical
data (Stumm and others, 2020). These data are limited in most
areas, and the location of the interface is largely unknown.

Groundwater discharge from confined aquifers was
simulated at head-dependent flux boundaries that specify
freshwater-equivalent heads computed from mapped geologic
surfaces. This implicit, static representation of what in real-
ity is a dynamic interface may result in imbalances between
the onshore groundwater flow field, the simulated offshore
discharge boundaries, and the specified location of the no-
flow interface. This representation of the freshwater/saltwater
interface may result in simulated (saltwater) inflow from
offshore boundaries in some areas; these inflows are balanced
by outflows in other, nearby boundaries, forming localized
recirculation patterns of water in adjacent model cells. These
recirculation patterns are largely considered numerical arti-
facts that are virtually nonexistent in the real flow system, they
are limited primarily to offshore areas of the Lloyd aquifer in
the model and generally are small, less than 1 percent of the
hydrologic budget. The implicit representation of the interface
does not affect model predictions of hydrologic responses to
changing stresses and the resulting recharge areas and travel
times. However, this limitation does not allow for the use of
this model to explicitly simulate the movement of the interface
in response to groundwater withdrawals.
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Summary

The hydrologic system underlying Long Island, New
York, is a sole-source aquifer system that supplies water to
about 2.9 million people. The aquifer system also supports
freshwater and marine aquatic ecosystems that are important
recreational and economic resources. Anthropogenic activities
have affected the quantity and quality of groundwater, owing
to Long Island’s large population and the generally unconfined
conditions prevalent across the aquifer system. Large with-
drawals of groundwater and urbanization in the western part of
Long Island have resulted in large drawdowns and the intru-
sion of salty groundwater into the aquifer. Wastewater disposal
and agricultural discharge have resulted in a large reservoir of
nutrients in the aquifer system and increases in nitrogen loads
to ecologically sensitive aquatic ecosystems. Subsurface con-
tamination also emanates from numerous sources associated
with industrial sites and adversely affects water supplies.

In 2016, the U.S. Geological Survey (USGS) began
a series of hydrologic analyses and the development of a
regional-scale numerical model of the Long Island aquifer
system. The broad objective of the program was to assess the
vulnerability of the Nation’s water supply to contamination
from anthropogenic and natural compounds. The numeri-
cal model was developed to simulate groundwater ages in
the aquifer system; groundwater age has been shown to be
an important predictor of water-quality characteristics. The
model could also be used to evaluate water-quality and water-
quantity issues of importance to local stakeholders.

The regional, three-dimensional numerical model of
Long Island is a synthesis of a diverse set of data on the
physiography, geology, and hydrology of the island. These
include data regarding (1) the physiography of Long Island,
(2) the regional hydrogeologic framework, (3) the hydraulic
properties of aquifers and confining units, (4) the extent of
salty groundwater in the aquifer, (5) natural and anthropogenic
recharge, (6) groundwater withdrawals, and (7) current hydro-
logic conditions in the aquifer system. These data compilation
and analysis efforts are summarized below:

 The altitude of land surface and seabed bathymetry
were estimated from a 1-meter (m; 3.3 foot [ft])
topobathymetric elevation model of coastal areas of
the northeastern United States. This seamless mosaic
of data was derived from light detection and ranging
(lidar), side-scan sonar, and hydrographic surveys. The
1-m data were aggregated and mapped to the numerical
model grid to define the top altitudes of the model. The
locations of hydrologic boundaries were determined
from georeferenced aerial photographs; streambed and
seabed altitudes were derived from the 1-m topobathy-
metric elevation model.
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Surficial geology and hydrogeologic unit surfaces
from previous investigations were assembled and
used to develop a three-dimensional representation of
the Long Island hydrogeologic framework. A total of
nine Pleistocene units and four Cretaceous units are
included in the framework. The three-dimensional
hydrogeologic framework was mapped to the three-
dimensional numerical model grid.

The current extent of freshwater in the aquifer system
was determined from mapped isochlors in the Magothy
and Lloyd aquifers. These isochlors were determined
from borehole and surface geophysical data and com-
bined to determine the seaward extent of freshwater
in confined parts of Cretaceous aquifers and contigu-
ous units along the southern shore of the island. A
mapped water table from April to May 2010 was used
to estimate the approximate altitude of the freshwater/
saltwater interface in unconfined parts of the Magothy
and upper glacial aquifers using density ratios as
defined by the Ghyben-Herzberg ratio. Estimates of
the position of the freshwater/saltwater interface were
combined and mapped to the three-dimensional model
grid to define the extent of the active modeled area.

» Horizontal and vertical hydraulic conductivities were

estimated from a new three-dimensional lithologic
texture model. This model represents these properties
as determined from previous aquifer-tests results and
a database of 1,769 boreholes across the island. More
than 36,000 lithologic records were categorized and
converted to regular point values over the length of
each borehole. These data points were interpolated by
use of spherical kriging into a set of data rasters that,
when combined, produce a quasi-three-dimensional
model of hydraulic conductivity. Values from the
lithologic texture model were mapped to the numerical
model grid; these mapped values were used as initial
values of horizontal and vertical hydraulic conductivity
that were adjusted during model calibration.

* Recharge to the aquifer for 2005-15 was estimated by

use of a soil-water balance (SWB) model. The method
uses a modified Thornthwaite-Mather approach in
combination with spatial data—land use and imper-
vious surfaces, available soil-water capacity, soil
type—and daily precipitation and temperature data to
estimate aquifer recharge. Recharge also was estimated
for predevelopment conditions and combined with
current recharge to estimate the potential recharge lost
to impervious surfaces. Anthropogenic recharge from
wastewater return flow was estimated from 2010 popu-
lation data. Potential recharge from leaky infrastructure
was estimated from road lengths within each model
cell and distributed county-scale water use. Estimates
of these recharge components were mapped to the
model grid and adjusted during model calibration.

* Groundwater withdrawals were compiled for
1900-2015 from a variety of sources. Withdrawals
from 1,680 wells for 2005—15, which defines cur-
rent conditions in this analysis, were compiled and
mapped to the model grid to define pumping stresses in
the model.

¢ Current hydrologic conditions—water levels and
streamflows—were assembled from the USGS
National Water Information System database. A total
of 24,964 water levels and 65,471 streamflow mea-
surements were compiled and grouped by numbers
of observations and periods of record to identify
those suitable for representing average conditions for
2005—15. A total of 290 wells and 67 streamflow sites
were included in the analysis.

These data were synthesized into a numerical ground-
water flow model of the Long Island aquifer system. The
model is a steady-state simulation and consists of 25 lay-
ers, 348 rows, and 1,309 columns with a uniform horizontal
discretization of 500 feet (ft). The simulation period chosen
was 2005—15, and the model represents average hydrologic
conditions during this period. Initial model inputs were
derived from the assembled data. Recharge, hydraulic con-
ductivity, and boundary leakances were adjusted during model
calibration using inverse methods followed by postcalibration
conditioning. Development and calibration of the numerical
model are summarized below.

» The model uses the USGS finite-difference
MODFLOW-NWT model. Model layering is based
on a three-dimensional hydrogeologic framework
developed from mapped surficial geology and
hydrogeologic-unit surfaces. The Magothy and upper
glacial aquifers—Long Island’s principal aquifers—are
subdivided to ensure adequate vertical discretization
for the hydrologic analyses. Layer thicknesses are vari-
able, but do not exceed 60 ft in the Magothy aquifer.
Fresh and salty surface waters are represented as head-
dependent flux boundaries. Hydraulic stresses include
natural and anthropogenic recharge and pumping and
are represented as distributed and point specified flux
boundaries, respectively.

* Initial values of recharge and hydraulic conductivity
were derived from the SWB model and texture models;
both were represented as parameters and varied during
calibration. The recharge values as estimated from
the SWB model were used as multipliers to which
a global parameter was multiplied, allowing total
recharge to the system to vary while maintaining the
spatial variability as determined from the SWB model.
Anthropogenic components of recharge—wastewater
return flow, leaky infrastructure, and artificial recharge
through recharge basins—also are represented as
adjustable multipliers.



* Initial values of horizontal and vertical hydraulic
conductivity were derived from the lithologic texture
model and were used as a three-dimensional array of
base values. Sets of pilot-point parameters within each
hydrogeologic unit were used to estimate a three-
dimensional array of multipliers that, when multiplied
by the array of base values, produced the hydraulic
conductivity fields used for input into the model.

» The model was calibrated using highly parameterized,
inverse methods, as implemented in the calibration
software PEST. Inverse calibration methods deter-
mine the model parameters that best fit a given set of
observations using an iterative form of a Levenberg-
Marquardt formulation of a Gauss-Newton nonlin-
ear regression to minimize an objective function.
Regularization was implemented to avoid overfit to
observations and to ensure reasonable adherence to
prior hydrogeologic knowledge, as represented by
initial conditions estimated from the SWB and tex-
ture models.

» The inverse calibration reduced misfit in the model
and produced a set of model inputs that reasonably
matched observations of long-term average water
levels and streamflows. Postcalibration conditioning
was used to ensure that all model inputs were within a
range considered reasonable and to improve local areas
of model misfit. The calibration process decreased
absolute mean residuals for highly weighted water lev-
els from an initial value of 5.32 ft to 2.68 ft. The initial
and calibrated absolute mean residuals for stream-
flows were 4.41 and 1.30 ft3/s, (cubic feet per second)
respectively.

Predevelopment conditions and current stresses for
2005-15 were simulated to evaluate the effects of pumping,
return flow, and changes in land use and impervious surfaces
on hydrologic conditions in the aquifer system. Changes in
these stresses affect water-table altitudes, streamflows, and
recharge areas and travel times to receptors.

* About 2,590 ft3/s of water recharged the aquifer
system under simulated predevelopment conditions,
as simulated. Most—about 56 percent—discharged
into coastal waters, and about 39 percent discharged
into freshwater streams. The remaining 5 percent of
recharge ultimately discharged from confined aqui-
fers into salty groundwater (as subsea discharge).
Water-table altitudes under predevelopment conditions
exceeded 90 ft in western Long Island; the configura-
tion of the water table is a function of coastal geometry
and surface-water drainages. A regional groundwa-
ter divide trends east-west across the main part of
the island and bifurcates onto the North and South
Forks on the eastern part of Long Island. Recharge to
Cretaceous-age aquifers is in the central part of the

Summary n

island. Recharge to the deepest aquifer—the Lloyd
aquifer—is generally in a narrow band along the
regional groundwater divide.

* About 656 ft3/s of water was withdrawn from 2005

to 2015 for water supply, and about 349 ft3/s of water
recharged the aquifer from return flow and leaky
infrastructure. Parts of New York City have large
drawdowns, resulting in water-table altitudes that are
as much as 25 ft lower in some areas, primarily as a
result of urbanization and associated large decreases

in recharge rates. Drawdowns over large areas in the
Nassau and western Suffolk Counties have resulted in
water tables lowered by more than 10 ft, mostly from
large groundwater withdrawals and sewering; sewer-
ing largely eliminates recharge from wastewater return
flow. Water-table altitudes in eastern parts of the island
increased by more than 2 ft in some areas as a result of
wastewater return flow in unsewered areas and changes
in land use; changes in streamflows show a similar pat-
tern. Streamflow generally decreased in western parts
of the island where there were large drawdowns and
increased in eastern parts of the island where water-
table altitudes increased.

» Recharge areas to major receptors generally reflected

the proportionality of those receptors. About 43 and

57 percent of the land-surface area above the water
table, respectively, contributes water to freshwater

and saltwater receptors. The median travel time to

all receptors is about 16 years. Median travel times

to individual receptor types, as delineated in these
analyses, range from about 8 years for Gardiners Bay
to about 28 years for Long Island Sound. Groundwater
withdrawals change the recharge areas at the water
table that contribute water to receptors and the travel
times to those receptors. Most pumping was in the inte-
rior parts of the island; about 20 percent of the water
table contributed water to wells. The recharge areas at
the water table that contributed water to other receptors
decreased as a result; the largest decrease in recharge
areas was for freshwater streams and wetlands.

* Groundwater withdrawals in interior parts of the island

generally captured old water from deep parts of the
aquifer; median travel times to wells is about 50 years,
more than that for natural freshwater and saltwater
receptors. Median travel times to these other receptors
decreased as a result of pumping. The median travel
time to large streams decreased by about 11 years.
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